ABSTRACT

SAWATWARAKUL, WEETHIMA . A Diagnostic Expert System for ttizyeingof Protein
Fibers.(Under the directioof Dr. Renzo Shamegy

Coloration of protein fibers is a very complex domain. There are many variables that
can affect the outcome of dyeindsdeed it is quite complicated to get the right color in the
first dyeing attempt. Determining the root causes of a given problem is even more
challenging. In the era of energy saving, water saving andriecally processing it is tough
to maintain thehigh expected quality of products and reduce the cost of the process. While
guality requirements become increasingly rigorous in the textile industry, human expertise in
the specialized area of coloration is becoming more and more limited.

The aim of thigesearch is to develop a knowledggsed expert system in the domain
of troubleshooting problems in the coloration of protein fibers. The emphasis of this research
is to provide a detailed view of troubleshooting by using the knowledge of human experts as
well as the knowledge from published literatures. This research was accomplished in the
following two main phases; Phase I: Knowledge Acquisition and Coding, and Phase II:
Testing and Evaluation. Several hundred sources have been used in the develdpineent o
knowledge base. A Windows based version of C Language Integrated Production System
(wxFuzzyCLIPS: ver. 1.64) was selected as the development shell. After the knowledge base
of the system was developed, it was verified, validated and evaluated usnag lexperts.
The validation and verification process involved debugging, testing and evaluation of various
modules. Assessments were based on the comparative performance of human experts and the

expert system through several faulty dyed samples.



Results 6 testing the system show good performance when compared to human
experts, potential value, and utility of the system in the dyeing of protein fibers. The
developed diagnostic expert system for the dyeing of protein fibers (DdXpehas been
designed toassist dyeing trainees, supervisors, managers as well as the top management
personnel, to isolate possible causes of coloration problems, to resolve issues, and avoid
potential sources of error in future applications. The system allows users to coryenient
interrogate a computer program as if it were a human expert. It is also a great help to novice
dyers to provide them with supplemental experience in dyeing and should facilitate a better
understanding of the causes of the problems, and when makingodgcdisr necessary
actions. This system is a powerful tool to diagnose issues related to the dyeing of protein

fibers, which can save time, cost, and resources.
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CHAPTER 1 INTRODUCTION

1.1 The motivation and concerns of the research

After the discovery of synthetic fibers around 140 years ago, the interesbsh
natural fibers has gradually declined. However, the usage variabditgwable resources
[1], sustainable potentials, and recognizable excellent physical properinedural fibers
areamongthe important factors that successfully prevented synthetic fibers from becaming

monopoy in fibers nowadayp?].

Natural fibers can be divided generally into three categoplkesit fibers (such as
cotton, flax, etc.), animal fibers (such as silk, wool, mohair, cashre@rg, and mineral
fibers Guch as asbestostc.). Animal fibers are mostly composed of amino acid residue
proteins, hence they may also be called dpr
major classes, which are keratin (hair or fur) and secreted (insect) fibersv@ kdeminant
protein textile fibers are wool (derived from sheep) and silk (excreted by various moth larvae
such aBombyx moJi[3,4]. Silk is considered to be one of the most amicfders used in
the textile industryf2,5,6]. An ancient Chinese legend dates the culture of silk back to 2640
B.C.[7-9], almost 3,300 years before its nature was understood in Ei@dd. The oldest
wool textiles found in Denmark date back to 1500 [5]. Accl ai med t he @A Qu
Fiberso, silk boasts a fascinating heritage,
legends[7,11,12] Evidence, entangled with legend, reveals silk to have been a form of

currency, a measure of wealth, a medium of art, and a trade item largely responsible for



bringing East and West mtcontact[7,13]. Its unique properties lead to the production of
fabrics outstanding in beauty, fineness and durability to such an extent that the very word silk

has passed intihe language as a descriptive word implying admirable qudlitde$5]

The quantity of protein fibers produced each year may not be large compared to the
wor |l dos t ot aductidne@uartiies. Blondthelbss, theirdimeoness and softness have
secured them a firm place in the niche market of luxury apparel and furnishing fabtics
However, the interesh the scienfic communitypertaining toresearch on protein fibers has
been decreasing significantbyer the recent yeara/hile the study ofyntheticpolymers has
advanced tremendoudl8]. Therefore, regrettaplalack ofup to datditeraturepertaining to
the coloration oprotein fibersandespecially on the subject of the recommensi@ldtions
and proceduresto overcomethe associatedoroblems is apparent Most of the current
research on protein fibers is related to the developarahtapplication of new finishd&7-

19], somenew dye type$20-24], and protein fiber based biomaterigl§-27].

Coloration of protein fibers is characterized by many varialel@shwith a different
effect on the final produg®8]. Indeed it is quite complicated to get the right color in the first
dyeing attempt. Determining the root causes of a given problem is even more challenging.
Troubleshooters wh experience can reduce the number of possible causes to only a few,
but the confirmation of the exact cause can still be difficult. The best estimation could be
done through an elimination process, which requires answers to a series of questions and

laboratory tests. Even though some of the defects can be analyzed by dyers, in many cases



the defects can only be analyzed by a special laboratory set up for this purpose under
qualified personnel, and using special equipment. Good troubleshooting analysissreq
well-equipped testing laboratory, knowledge about textile processing and variables that can

affect textile material properties, as well as strong problem solving skills.

While quality requirements become increasingly rigorous in the textile ingustr
human expertise ithe specialized areaf colorationis beconing more and more limited and
expensive. Furthermore, human experts may not be available all the time when they are
needed. Therefore, there is an increasing level of interest in the deeealopna application
of expert systems to fulfill the need for specialized expertise in the inddsirgexpert
system is an artificial intelligence based programhjch can beused to solve complex
problems in many field§29], and as such this domain of knowledge has received a
significant amount of attention in recent yearhe benefits of computdrased diagnostic
systemshave become evident the last few decades atftke fieldremains an active area of
research. Recent developmenin knowledgebased expert systems allow users to
conveniently interrogate a computer program as if it were a human eXpese facts
together withthe disadvantagesssociated with the use and availabilifiyhuman experts,
have motivaied our groupo develop expert systesand test their utilityfor troubleshooting

problems irthe colorationof textiles[30,31]



1.2The aim of the research

The aim of this research is develop a knowledgbased expert system in the domain
of troubleshooting problems in the coloration of protein fibers. The emphasis of this research
is to provide a broad view of troubleshooting by using the knowledge of human experts as

well as the knowddge from published literatise

The system implemented in thdissertationis a rulebased system using the
wxFuzzyCLIPS program. It is a fuzzy version of C Language Integrated Production System,
whichis a tool developed by NAS# create expert systerf0,31] By integrating different
modules into the system, ¢an provide the ability to diagnose problems in thgeing of
protein fibers in various forms by all commonly used types of colorarmisreethods. The
system has been designed to assist dyeing trainees, supervisors, managers as well as the top
management personnéb isolate possible causes of coloration problemsesolveissues,
and avoidpotential sources of erram futureapplicatons The systenis expected t@lso be
of great help tanovice dyersto provide them with supplementekperience in dyeing and
shouldfacilitate a better understanding of the causiethe problems, and in how to make

decisiors for any necessary actions.

1.3Research method

The research is to be conducted using variptumary andsecondary sources

available to gatherinformation onall possible variablethat result indyeing faultsin the



coloration ofprotein fibersto createa database for the programmd to desigm programfor

this purpose and analyze the outcomése knowledge base for this expert system will be
based onnformation obtained from field experts as wellsesondary sources such as books,
journals and conference papei®s well agheses written by various researchers around the
world. Human expertwill be utilized to obtain opinion anadvice on resolution otommon
dyeing faults in industryand determinecertainty factos for all variables thamay cause
problems. The databaselMthen be coddin wxFuzzyClipsand oncecomplete the system

will be debuggedtested and evaluatesinghypotheticaland case based issu&snally the
performanceof the expert systewill be verified and compared to that of selectednan

experts.



2.1 Introduction

Textile fibers may generally be divided into two main classes, natural and

CHAPTER 2 PROTEIN FIBERS

manufacturedfibers. Fibers are generally classifiethased on the source of origend

chemical compositionas ther physical and chemad properties differ largely among

different origins[3,32]. The varietyof natural fibersis tremendousand includes plant,

animal, or mineral sourcd83-35]. The main focus of this study is animal tbe socalled

Aproteino fibers, the classifi.cation
Animal
fibers
[
Keratin fibers Se_creted
fibers
I ! = 7 }
Angora Silkworm
g0 Bovine Camel family Goat family Sheep (wool) Spider
rabbit i
(silk)
Musk ox Angoragoat (mohair)
Yak Sand Ll Cashmere goat (cashmere)
v
Alpaca
Guanaco
Llama
Vicura

Figure 2.1 Classifi@tion of various protein fibers
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Wool is processed into a wide range of end products. End uses of wool are
determined by the main characteristics of fibers, including diameter, )estgghgth, color
and hand, luster, bulk, presence of impurities, andllef/felting [36]. An example of end

uses based on fiber diameter is as showngare2.2[36].

| . Carpets R
Bedding R "
P Upholstery o
- Blankets .|
Machine Knitting N g
| Hand Knitting Yarn |
Woolen Fabrics _ |
Worsted Fabrics "
1724 | 2527 | 283C | 31-32 | 3440 41+

Figure 2.2 A general indication of the end uses of wool based on filzenetier( € m)

redrawn based on ¢3.

Wool is a globally traded commodity and its market diversity is vast and expanding
including sectionsuch as fashion, acewvear, flooring and interiorgyviation, architecture,

manufacturing, medicalse, and proteiste apparel etcas shown irFigure 2.3 [37].
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Figure 2.3Wool usagesn the textile world

The wool industry produces around 2.1 million tons of greasy wool gar[$7].
However, wool and silk make up less th@fo ofthews | dos textil ¢38]fi ber s
Even though, animal fibers are insignificant in terms of productmomes, nevertheless

they are highly sought after and play a significant role in the luxury, high-adided end of



the market. Wool is produced on several million small holdings and commercial farms
worldwide. Retail sales of wool amount to $80 biiliof wool products annually. In the
European Union (EU) alone, the industry is made up of thousands of industrial
manufacturing companies working with wool as a raw material. The industry employs
millions of people in wool production, harvesting, and tiglowt its many processing
stagesin terms of demand, protein fiber productiwas boostedby 1.7% in 2011 after three
years of declines, mohair production is estimated to hageeasedthe most after a
significant drop in 2010 and cashmere prcichn al® increased a littllEconomically, sheep

is an ideal fibersourcefor industry producing minimal waste, providing milikk some

cultures and morgenerallymeat as well as wo$87].

The International Wool TeWé Organization(IWTO) classifies all animal fibers
which are similarto the fibersobtained fromsheep €.g. goat, rabbit, camel family, and
bovines) as @wool[89] Thereford, ia thie kearohgvoopeterstp alls e

keratin fibers produced by various animaisdnot just sheep.

2.2 Types of protein fibers

2.2.1 Keratin (hair or fur) fibers: Wool

From a commercial standpoirtreugh wool from sheep is by far the most important
type of fiber derivedrbm animal hair, there are a variety of other hair fibers as shown in

Figure 2.1[35]. Wool represents a large class of animal hairs, which share a common



chemistry, structure, and morpholo@40]. Their elemental analysis shows fairly similar
percentages of Carbon (50 wt%), Oxygen-252wt%), Nitrogen (16L7 wt%), Hydrogen (7

wt%), and Suur (3-5 wt%) regardless of the sour¢40]. The high suiur content in wool
comes from the high cysteine content of these fibers. The total ash content of keratin fibers
ranges from 0.30.9% andthe most frequent trace metals found aralcium Ca), cadmium

(Cd), chromium (Cr), copper(Cu), mercury (Hg), zinc Zn), lead @b), iron (Fe), arsenic

(As), andsilicon (Si) [36,37,4044].

Wool fiberconsistsof two parts;

(@) The follicle: located below the surface of the sheep skinch produces the fiber
materiaj and
(b) The shaft.growingf rom t he follicle and compesed

keratin

The fibers can & categorized in terms of zone as showhRigure 24 [45].
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Figure 24. The follicle and the shaft of a hair

Different zones shown in are defined below.

Zonel: Bulb zone (responsible for proliferation andedéhtiation);

Zone2: Elongation (responsible for fibril formation);
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Zone3: Prekeratinization (lateral aggregation);

Zone4: Hardening (keratinization); and

Zone5: Poshardening (hard keratin).

The rate of fiber shaft production is around 1 centimetenparth for each follicle.
The number of follicles per sheep skin (the follicle density) varies according to breed and
dictates the amount of wool produced per anjrfal examplethe quantity of clean wool
fiber from most sheep breedsasoundl kilogram while it is around 4 kilogramsom the
Australian Merino annually. The diameter of the fiber is also genetically determined,
although this can also be slightly affedtoy weatherand food. Consequently, wool fiber
di ameters can range from 11 em (fine Austr:

hemisphere) respectivel$7] .

2.2.1.1Composition of wool

The aw wool fleecemay contain 3&/0% d impurities, such as grease, dirt, suint,
and vegetable matt§40,44] depending on the fineness of the wool fibés averagdleece

composition for théustralian Merino and crodsred fleeces is shown ifiable2.1[37].
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Table 2.1 Average composition (%) of raw wool

Grease and Vegetable
Wool type Sand and dirt Fiber
suint matter
Merino (<25 m) 1530 5-40 0.510 30-60
Crossbred (28 3 g 1530 5-20 1-5 40-65
Longwool 5-15 5-10 0-2 60-75

Dirt adhers to wool fibers by the adhesive action of theol grease and falls away
when the latter is removed during scourj@j

Suintis a complexmixture derivedirom sweat ofthe animal. It containgotassium
salts, organic acids, and amino acidsase detected. Thesge soluble in water and can be
isolatedfrom raw wool by aqueougxtraction[3].

Wool wax or wool greasés not a fat, but a wax, because all true fats are derivatives
of glycerol whereas wool wax @erived from fattyacids and a complexonohydricalcohol,
cholesterol(C27H4s0OH), or its isomeriso-cholesteral Wool greaseis a yellowish way
substance solublm organic solvers andis difficult to saponify.When heatedor a long
time with alcoholic potassium hydroxider a solution of potassium hydroxide iglycerol
however it splits up into chdesterol and the potassiusalt of the fatty acids. Wool wax
retains itscreamyconsistency evemwhen mixed with an approximately equajuantity of
water Lanolin, which iswidely used incosmeticpreparation, ig mixture ofpurified wool

wax with 20%water[3].
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Vegetable Matters such #®rnsor seedcoats,which sheeicks up duringgrazing
can also be present Theseimpurities can beremovedby a strongsulfuric acid tretment

called carbonizatiofB].

2.2.1.2Morphological structure of wool

Under the microscope, theoal fiber appears as a solid rod with its surface covered
with scales. The scales project slightly from the sténme fiber and point slightly outwards
toward the tip[46]. Morphologically, the fibers are composed of a cortex and a cuticle, and
may also contain a section knownmasdulla (in coarse wool only). Each of thesdurther

subdivided by tissue differentiation as showirigure2.5 [45].

high-S

proteins epicuticle

low-5
proteins

cell

root end
membrane

left-handed
coled-coil matriz

rope

night- microfibril compleX para-cortical | ertho-cortical
- macrofibril cell cell
ek gﬁaﬂm \-Jmeso-cortical cell
1 I I | | cortex I
1 2 7 200 2,000 20,000 nm

Figure 25. The structure of a merino wool fiber
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The cuticleis formed of four layers; theutermost is theepicuticle,a thin, waer-
repellent membrane, then cortiee alayer, the exocuticle, and the endocuti#®]. The
epicuticle has tiny pores which enable water to penetrate into the internal structure of the
fiber. The cuticular cells werlap and protrude for abounethird of their length, their
outermost ends being directed towards the tip of the fh40]. This arrangement of cuticle
cells on the fiber surface creatdsectional frictional effect which is responsible for the
ability to felt wool. The surface of wool fibers is made up of the epicuticle and a small lipid
component around 0.05% consisting of the region that extends to the fiber surface. This lipid
componea t is 4alylted, "And the major co0 fatyo ne nt
compound, 18nethyleicosanoic acid, containing a branched chain, covalently bound to the
epicuticle via a thioester bond and it is mainly located in the cuticle. The thickndss of

lipid layer on the fiber surface is approximately 0.9 dm [

The cortexis the cellular portioninside the cuticular cell layers and it contains
cortical cells, each of which surrounded by the remairthetcell membrane complex. The
cortical cellsare 1002 00 e m i n -3 eenrmg t[40]. Thefider i2 composed of 90%
cortical cellswhich may be any dhree types, orthopara, or mesa cortical cells[37]. The
tensile strength, elastic properties, and the natural color of wool are determined mainly by the

nature of the cortical cel[g,40].

The medullais a hollow space in the center running gdhe length of the fiber

whichis found in many coarse wools. It may be empty or made up of a different type of cell.

15



The medulla is absent fine wools[40].

2.2.1.3Chemical structure of wool

The fiber is composed ofrpot ei n fikeratino which i s a
empirical formula GH112N18012S. Keratin is a large molecule composed of a varietg-of

amino acids with the general formula showrrigure 2.648].

Bl H o
N | 7
N—C— C\
il . on
Amino group Carhoxyl group

Figure 2.6 General structure af-amino acid

Forwoo, he hydrolysis of peptide idmooatids yi el d

as shown in Table 2[37].
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Table22The 20 commomi mataaiadkeralh fibersmmd i n
Molar
Group Name Side chain, R
percenage (%)
AAci di co Aspartic acid -CH>-COOH 6.6*
acids an
Glutamic acid -(CH2)>-COOH 11.9*
amides
Arginine -(CH2)3-NH-C(NH2)=NH 6.9
Lysine -(CH2)4-NH2 2.8
~ B - Y H CH
AiBasi co a . N -
Histidine 4 j/ 0.8
and tryptophan N
CHy; —
Tryptophan ©U/ 0.5
NH
Amino acids with Serine -CH>-OH 10.5
hydroxyl groups in Threonine -(CH)-OH 6.3
the side chain Tyrosine -CH>-Ce¢H4-OH 3.7
Cysteine -CH2-SH
Sulfur containing
Thiocysteine -(CH)>-S-SH 10.0
amino acids
Cystine -CH2-S-S-CH>-
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Table 2.2 (continued)

Molar
Group Name Side chain, R
percentage (%
Methionine -(CH2)2-S-CHs 0.4
Glycine -H 8.2
Alanine -CHs 54
Amino acids Valine “CH(CHep2 57
without reactive CH
Proline _CH.PCH; 7.2
groups in the side 2
chain Leucine -CHo-CH(CHg)2 7.7
Isoleucine -CH(CHg)-CH2-CHz3 3.1
Phenylalanine -CH2-CeHs 2.8

*The values for aspartic acid and glutamic acid include asparag@td>-CONH;) and
glutamine-(CH.)>-CONH) residues, respectively, as asparagine and glutamine are converted

into their corresponding acids during acidlolysis.

Thediagram shown in Figure 2[49] shows howamino acids are joinetthrough the
amino and carboxyl grougs form peptide {CO-NH-) linkages[35] to create a polyeptide
chain[40]. R istheside chain whicldifferentiates one amino acid from anothsshown in

Table 2.2
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Figure 27. Polypeptide chaistructures

The nature and molecular weight tife side chains detenme the physical and
chemical properties of wool. These chains have a mean molecular weight of B@P0OO
the unstressed state, the keratin pol ymer
helix as shown in Figure 2[&0]. Two a-helicesare joined together by hydrophobic bonds
into acoiled-coil structure of 5hm length[51,52]. A keratinpolymerchainis about 140 nm
long and about 1 nm thidk3]. In water, under the influence of applied external stress, the
wool fiber will stretch and this Wi straighten or unfoldhe keratinpolymer chains The
fully-unfolded configuration of thieeratini s  k n o-keratin.®s renfioval of stresshte- b

form will return tothe original U-keratin structuraform [3].
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Figure 28. A diagram ofprimary, secondary, tertiary, and quaterrgtrycture in proteirs.

|t mu s t be remember ed t-dminb acidd, fepresehtedsas
HN-CHR-CO-OH, the groupi R, in wool may be aliphatic, aromatic, hydrophilic, acidic,
basic, heterocyclicor sufur containing groups. Because they contain botiolie and
anionic groups, the fibers are amphoteric. yrhey becationic due to the protonated side
chain groups of arginine, lysine, and histidine, and the fkegerminal amino groups.
Anionic groups are present in the form of dissociated side grdugspartic and glutamic

acid residues an@-terminalcarboxyl end groupfl,3].

Linkages and bonds in wool incledhe following:

(a) Hydrogen bonds

In the helical structure, hydrogen bonds are formed betwadonyl and secondary
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amino groups in adjacent turns of the coil. These bonds contributee tstrength and

elasticityof wool and react with moisturO].

(b) Salt linkage or bridge

A sideway bridgeexistsbetwea adjacent keratin molecueSaltlinks existin the
pH range of4-8, but are ruptured by excess of acid and alkali. When an amino group of one
chain and an acid group of another chain come close to each other, a transfer of a hydrogen
atom from the acidyroup to the amino group takes pladéisisc al | ed fAa sal't
between the two macnmolecules. This type of sideway link can be formed in the interior of
the same chain as wellhese salt linkages contribute fiber strength andnablereactons

with acids and dyegl0].

(c) Cystine linkage

A unique feature of keratin ishé existence of cystine linkageCH,-S-S-CHy-),
sometimes referred to as disulfide bonstween adjacent peptide chains. The cliogs
tend t o mfark eigidtahdeincréase the amount of work needed to stretcla-the
keratin in thefiber int o  tcbné@gurétion. Thedisulfide bond alsdias a profound effect
upon the mechanical pregies of the fiber. The disudfe bond is covalent a@nnot very
sensitive to pH, but there are a number of reagents, including (gapecially in the form of
stean), which can break it dowfi]. The disulfide bondontributes tdahe fiberstrengthand
lateral resstance,is heatsensitive,and reacts with alkali, heat, bleaching ageaisi-felting

agents, and motproofing agent§40].
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2.2.1.4Types of woolnd animal hair

Animal hairfibers come from animals which mostly inhatbie inhospitable regions
of mountains and tundra where a highly protective fleece or fur is essential for survival.
Some of the animalsdé habitats cover a range
rabbit, all these animals live in areas wh#re climatic conditions are harsh, and range
typically from well below freezing point at night to warm, or, in some cases, tropical
conditions during the day. As a result of the extremes of temperature under which they live,
they have nearly all developdtir coverings consisting of an outer coat of coarser guard
hairs which protects them from the sun, rain and dust and an undercoat of finer down hair

which forms an insulating lay§40].

The exceptions are the alga and the vicufia which, likeanysheep, have an entire
fleece made up of one kind of fiber ongimilar to the undercoat in other animal fleedss
the valuable part of the fleece is the down, in those fleeces where both guard and down hairs
are prese t , the two types of fibers ndehmidngt o be
before the down can be spun. This is done either mechanically or, now rarely, by hand. Apart
from dehairing, the spinning of these fibers follows traditiomablen processingor the

shorter fibeitypes omworsted processing fahose withlonger fiberq40].

Animal hair fibershave smoother surfaces thdre wool from sheep because the

outer scales of the fibers are less pronouncedmare widely spacefb4]. The crimp levels
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are also usually lower and in some cases are better described asssarlimaviness. Fiber

to-fiber friction in yarn preparation and spinning will, therefoeslower than that of wool,

and both carding and spinning conditions will need to be modified. Exactly what these
modifications are depend on the particular fiber being processedietatds areusually
confidential to each of the companies concerimegirocessig. The dehairing process is
carried out before combing or carding and separates the down from the guard fibers. Exactly
how each top maker or spinner does this is still relatively confidential to each company.
Variables might include the length and diaeredf the fibers to be dehaired, the number of
passes through cards that the fibers are given, the carding conditions, which additives are or

are not used and the type of card clothing yégd

All fibers mentioned above are keratin fibers, with chemical and physical
compositions resembling those of wool from sh@dperefore, dyeing techniques, machinery
and dyestuffs are similar to those used for wool. However, asatiest animalfibers have
smoother surfaces thahose fibers from sheep, they reflect light differently and it may be
necessary to modify the dye recipes in order to obtain defined shades. The different surface
structures of the fibers will also cause them to react differently durindaket finishing
and this may require processing conditions to be modified. One major difference from wool
is that some of these fibers aredullatedto a greater or lesser degree and, in some cases,
have microscopic air pockets within the fiber structure. This lightke fiber and adds to its

insulating propertief].
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Bovine (Bos)

Two main speciesf BosareMusk-ox, shown in Figure 2.855] and Yak, shown in
Figure 210[56]. These are described in the following sections.

1 Musk-ox (Ovibos moschatis

Figure 29. Musk-ox (Ovibos moschatis

Musk-ox are members of the Bovidae family, as are cattle and goaisk-d4 is a
large animalwith weight between 258100 kilograms and varying betweer?2Imetersin
height. They live inthe north of Canada anth Greenland. They were hunted almost to
extinction and were saved only by being declared a protected speci®d41f57]. The

present population is estimated at 160, 08)58].
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Musk-ox has the two types of hair that are usual in mammals living ih sald
conditions, fine undehair or down, and coarse outer guard hairs. The native name for the
down is giviut, or quiviuf16]. During the springnolt, the muskox loses down hair which
falls off in large slab and is collected. Each animal produces around 1.5 kilograms of down
of which perhaps 60% is recoverable by conventional dehairing techniques. The fibers are
unmedullated, with an average diameter of 28 i n a 22«0 gme nouBkexl 7
downfibersare amongst the finest hair fibexsd arecomparatively smooth with low crimp.

Fiber length is around 400 millimeters.The £oured and dehaired fiber is light brown to
chocolate brown in color. The fibers need to be dehaired before being machinendpun a

dyed. The down is rather short to be spun on the worsted system and needs to be blended
with a longer fiber such as baby alpacathi& productis to be 100% qiviut it is usually

woolen spun. Annual giviut productions v ery s mal | estaedardspapd iH | u x u |
estimated at approximately 3,000 kilograms whiglsimilar to that of guanaco which is

around 5,000 kilogram4.6].

1 Yak (Bos (poephagus) grunniens

The yak is a bovine. It is a shaggy, massoaking animal. The adult weighs about

350 kilogramdq16].

25



Figure 210. Yak (Bos (poephagus) grunniens

Yaks live on the high slopes of the Himalayas from the snow line down to
approximately 1,000 meters bal that and sometimes inhabit land up to 6,000 meters.
There are both wild and domestic yagsmilar tothe case of mskox, yaks havea fleece

with a longguard hair and fine dowfibers towards the insidd6].

China is the major producer of the commercialized dbisa. The down is harvested
by combing or pulling the fibers during the spring molting period. dteel ves 6 down f
are 4050 millimeters long and between-157 e m i n di ameter, placing
to the very fine and soft category of the guanaco, vicufia and-axuskhe diameter of the
adul t s dargdy batweenil 0 e m a lerth s frem 3B5 millimeters. The
down hair has no medulla. Yak hair is whitectzaracteristic which, amongst ahimal

fibers makes it morealuable because it can be dyed to any sfitgle
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Camel (Cametl/Camelus)

Five main species amescribed in the following sections.

1 Alpaca Lama pacops

The alpaca were domesticated in the altiplano some 6,000 years ago for their meat
and for their fibers. Adult alpaca weigharearound 65380 kilograms andhey grow to
around0.8-1.1 metersin height They live for up to 20 years and are productive for ai®ut

years[16,37].

Alpaca fleece is similar to the Angora goat and sheep. It has a complete fleece and
does not progce both guard and down hairs. Their habitat is the Andean altiplano at altitudes
of between 3,008,000 meters where temperatures vary fi@k°C at night to 18°C during

the day[16,59,60].

The different types of alpaca are:

- Huacaya: This is the most common type représgrabout 80 % of the total alpaca
populationand is shown ifrigure 2.1 [61]

- Suri: This is a silky haired animal, with long fibersrepresenting about 10% of the
population and is shown in Figure 2[62].

- Huari zo: This breed may be descriobsmg as

between a male llama and a female alpaca.
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- Misti: This is also a type of Omul eéb,
female llama.

- Cria: This is a baby alpaca, under one year old.

Figure 2.1. Alpaca Huacaya (or Huacayo)

Figure 2.2. Alpaca Suri
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Alpaca fiber is soft, lustrous, fine and durable. The fiber is tubular and medullated.
The fiber diameter lies between-306  dypical fiber lengths after shearing are as follows:

Huacaya 280 centimeters Suri 50-55 millimeters andCria 20-25 millimeters[16].

1 Bactrian camel@amelus bactrianys

There are two types of camekromedary(one humped), and Bactrian (two humped),
but Bactrian is the main source of camel hair used in te}fig$0,63-65] andis shown in

Figure 2.B [66].

Figure 2.B. Bactrian camel Camelus bactrianys
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When the camelmolts, the hair canbe obtained by combing, shearing (more
commonly) and collecting of shed hair, resulting in a combination of coarse guard hair and
fine down hairwhich isreferred to as raw (udehairedamel hair. Raw camel hair contains
approximately 785% fiber, 1525% sand and dust, aneb%o fat (grease). Today camels are
increasingly being shorn once a year, the hair on the back generally not being shorn, serving
as a cushion for the pack or saddide whole fleece weighs typically between-3.5
kilograms, while in cold regionghe hair yield can be as high as 5.5 kilograms, with the
average annual yield being about 4 kilogrgire.

The surface of canhdéiber is covered by a layer of fine and irregularly shaped scales,
having diagonal edges which are not very prominent. The fdsesssectionsare circular to
oval, the cortical layer exhibiting regular striations due to strings of pigment granulgs whi
give the fiber its characteristic pale flecbwn color, and some fibers have a medulla which is
often fragmented. The finer fibers do not have a medulla, while the coarser fibers have a
medulla which varies in character and size. The Bactrian cameksyglight fawn (tan)
lustrous fleece mixed with coarser brown halit$ias a double coat of hair, with the coarse
guard hair,3@ 20 e m i n di a A3&5tnellimeteasirdlendth, andthesfiGe down
hair ranges of 3 0 & m, or etk aaverdgéofacbmo u(t 18 em) i n di
about 25125 millimeters (typsally 50 millimeters) in lengthwith a characteristically
reddish brown (tan) color. Most camel hair is produced in China (including Tibet) and

Mongolia,with some also being produced in Afghanistan, Iran, and R[84&ia
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1 Guanacol(ama hunchusr Lama guanicog

The guanaco is larger than the alpaca and vicuna, but smaller than the llama, and is a
very timid animal. It was originally killed for its meat and fleece, although today it is farmed

in semicaptivity and shorn for its fleed87]. An example is shown in Figure 2.167].

Figure 2.4. Guanaco (or Huanaco)

The Guanacds indigenous to Southern Pataigy both in Argentina and Chile. It is
estimated that, in recent times, there were well over 600,000 animals in the world, (including
around500,000 in Argentina, 90,000 in Peru and 70,000 in Chile), makxiktingin small

herds in Patagonia and theaist Tierra del Fuegayith about 1% being bred in semi
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captivity. Guanaco, al so known as fAHuanacoo©
from sea levelin Tierra del Fuego to 4,500 meters above sea level along the Andes of

Northern Chile, Peru, andrgenting and almost every climate from setropical to

extremelycold snowcapped glaciers:ibers in he guanaco fleecmes hor t er , -coar se
24 & m) and | ighter i i weigl 780 gramhta kilogramartd of t |
consists of two coat s: a protective relatiwv

16.5 em) undercoat (O HBD % m (TudHE adutay d2reh adiira m
and up to 140 millimeters in length. The diameter of the undercoat ranges from alidut 13

em, the fiber di ameter varying according tc
mean fiber di amet eg gouanladc oc nf |weheiclee caa ny oeuvne n

and 34 millimeters long, with a weight of 450 gra[i3,63].

1 Llama Lama glama

The llama is similar in build to the alpaca but is largsgighing around 110

kilograms.An example is shown in Figurel&[69].
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Figure 215. Llama (ama glama

Alpaca andlama are genetically very closavith the llamabeingdomesticatedhe
sameway as the alpaca Llamas are used to carry goods and are the main means of
transporation in the mountainous areas of Bolivia and Perbey are also usefdr their
meat, their hides, their hair and their dried dung which is used as fuel. There are svof type

llama[70];

- Kcara, a lightfleeced animal used mainly for meat

- Chaku, a heawfleeced animal used for its hair
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Hair growth is normally between 7ID0 millimeters/year, and fleeces weigbout2i
5 kilograms. The animals are usually shorn every two years. Fiber lengths range {85® 80
millimeters and fiber diameters are in the range df318 £I'ne. lama fleece may be

dehaired in Boliviaor in Europe[16].

1 Vicuia {/icugna vicugnga

The vicufa is the smallest of the Camelids, with a shoulkighhof about 90 cm and

a weight of about 5Rg. An example is shown in Figurel&[71].

Figure 216. Vicufia (Vicugna vicugnpa
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Its natural habitat lies in the seuiild grasslands of the centrahdes at altitudes of
3,600 5,000 meters on the snow line, an important faaffectingits fiber productionas it
must surviveaverage daytime temperatures of 20°C, droppind36C at nightThe animals
have dife expectancyf about 20 years/icuiia have beermunted and killedor their fleece
for over 300 yearsand thisled to the neaextinction of the specie/2]. In 1969, barely
5,000 vicuias were left. In 1972, the Peruvian government passed l&ovbitbthe use of
vicufia hair and the hunting of the animaiigh the result that byt999 there were 140,000
vicufias in Peru. In addition there are an estimated further 55,000 in northern Chile, Bolivia

and Argenting16,3960,73-77].

Goat Capra hircus

The tree main speciesf goat are cashmere, angora and cashgora and these are

briefly described in the following sections.

1 Cashmere@apra hircus laniger

Cashmere is principally produced in northern China, Mongolia, Tibed
Afghanistan. Smaller quantities ares@lproduced in the Central Asian Republics, Iran,
Australia and New Zealand. The height of thesgaty is between 680 cm. The male
weighs on average 60 kg and the femal&d.OTheir average life span is about 7 ydaf.

An example is shown in FigurelZ.[78].
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Figure 217. Cashmere goaCapra hircus lanigey.

The fleece is open, with long coarser outer hair and umaieror down. Each goat
produce between 10060 grams of usable down/year. This down is very fine (12.5m),
with an average length of B50 mm. The fine down enables these goats to withstand the
extreme winter cold of their original habitat, the plateau of Central Asia. They fprotec

themselves from overheating in the summer by shedding their down in the[§piing

The quality of the déaired feeceis assessed by tlider diameter, color and length

and the coarse hair content. Diamstare within the range of 149 mm and the fiber
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lengths measure from 1850 mm. Chinese cashmere is sidered to be the best quality,

with a fiber diameter of 4L 6 € m, and pr eindalori(conaparedlwiththevh i t e
standard of the Cashmere and Camel Hair Institute (CCMI) of the W8ikhis 18.5¢ m N
05em). Cashmere produced in Mongol i afibers gene
its diameter being 1@ 7 . 5 & m. Ebteeding for increased gield, sonhinese
cashmerdiber is now increasing in diameter, with consequent loss of quality. Cashmere

from New Zealand and Australia is in theil68 . 5 & m r ghatdrem lIranwamd | e

Afghanistan is in the 189.5¢ m r fl6].g e

1 Angora Capra hircus aegagrysMohair

Mohair is the fiber from the Angora goandis a neatrelative of the Cashmere goat
of Asia andof certain types oHimalayan goats. The Angora goat tends to thrive in areas of

low rainfall and humidityf16]. An example is shown in FigurelB[79].

Figure 218. Angoragoat Capra hircus aegagrys
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The Angora goat is regarded as being unique amongst goats, in that it grows fibers
from its primary and secondary folliclésat do not differ widely in diameter. The Angora
goat, unlike other goats, cdhereforebe regardeds a singlecoated animal. The Angora
goat fibers grow continuously throughout the year and the fibers are not shed annually.
Turkey was the first country to supply mohair as a raw matéosratextile manufacture
Generally, mohair from young goats isdrthan 3@ m (var yi ng Ob ewhnieeen 20

thatfrom adultgoatssgener al |l y coarser -89 314))em (varyin

1 Cashgora goat

Today only alittle Cashgora fibeis produced commerciallgnd this maily in New
Zealand and Australia. It comes from Cashgora [t Cashgordnas been labeled the first
new natural textile fiber of the last 100 years. The double coated Cashgora goat is a cross
between a male Angorgoat and a female dowrearing (cashmefieearing) feral o
Cashmere goat. The firstossing producethe finest fibers. It has been stated that Cashgora
is normally produced in the first and second cross and caedagdedas similar to fine

mohair or oarse cashmere. Three types of Cashgora have been defined, ranging from;

- The top end (18.5 &m),; mar keted as fALigne
- The mediurnqualityr ange (20 & m) ; mar keted as fALigne
- Thelowerqualityr ange (just below 22 &m),; mar ket ed
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Dehaired Cashgores thenclassified ino three classes according to diameter namely;
17718 . 5 @1l t,m, 528ndem2 The down has a | ow to
generally white, soft and delicate to the to{8H|.

Rabbit
1 Angora rabbit Qryctolagus cuniculys

An angora rabbit is raised solely for its fine and soft hair.example is shown in
Figure 2.19 [8(Q]. China is the principal producer and in thatiotry the rabbits are farmed
on a highly intensive smadicale factory farm system by individual farmers. Substantial
guantities are also produced in France and smaller quantities in Eastern Europe and South

America[16].

Figure 219. Angora rabbit Qryctolagus cuniculys
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The Angora rabbit produces three kinds of hair;

- Guide hairs: 10410 mm long, they guide and cover the growth of the other hairs.

- Guard hairs: 80 mm long, these have rough points that tmgkher, lie over the down

and seal it off.

- Down: 60 mm | ong, t h e theldovannoret o€ the finekt ariml &€ m

fibers used in textiles

The down fibers are very smooth, with few cuticle scales. The Angora rabbit
produces hairs of several colors but the strain bred for textile fibersatbao strain that
produces white fibers only. The hairs are all nileded (hollow) which decreases their
weight by nearly 20% when compared to wéibkrs of similar diameteand also increases

their insulating propertiefd.6].

Sheep

The recorded number of sheep and goat breeds around the world is about 1,400 and
100 respectively. However, over otierd of these breeds are in danger of extinction,
according to the United Naton@AG.0hefmaimsheem nd A
breeds that represent wool fibers nowadagsaround 127 bree#4,81-110]. In wool, the
molecules are quite porous, therefore they can absorb up306%®&ftheir weight in water

and a chenaial reaction occurs from the moistuheytake on to produce hegs0].
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2.2.1.5Differences between wool and animal hairs

The fibers differ from one another in diameter and scale strudturierms of the
differencein the structurecashmere fibers possesiateral symmetry as in woohowever
there are random cell arrangenseas well[111]. The cortex of cashmere contains fewer
ortho-cortical cells and far more mesortical cells, (and in some cases fewer paodical
cells as well), than the cortex of sheep wool. In mohair fibers, the cortex consist of
predominantly ortheand mesecortex, with <10% paracortex.Vicufia and guanaco fibers
show bilateral structure inghcortex, whereas alpaca fibers do not. In camel fibergotiex
consistsof both bilateral and random cell arrangemefitsee only significant differences in
the amino acid compositions are the content of cysteine and cysteic acid. Llama has higher
leves of cystine residueshan other fibersThe amounts of cysteic acid residues in cashmere
and woolare less than other fibers, whiotay be attributel to continuing photaxidation of
the fibers as they grow. However, the differences in amino acid caemeposannot be

exploited to identify the originfahe fibers or distinguish between th¢g,112].

2.2.2 Secreted (insect) fibers: Silk

Silk possesses nearly all the desirable properties oftidetéker, such as strength,
elasticity, softness and substantivity for dyes. Silk is a protein fiber produced by certain types
of insects to build their cocoons and wdh43]. Silk is produced by more than 8300

known species of spiders and most of the 11
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as well aamembers of several other insect ord&2]. Although mag insects can produce
silk, only the filament producedy the mulberry silk moth,Bombyx mori which is also

commonl y known[3]laad aifewi othkrsvio thensame geawvs used in the
commercial silk industrySecretions from ther insects, mainlgpiders, are used in small
volumesin specialist applicationfor example, weapon and telescope ciluaiss, and other

optical instrument§37].

Therehas been a significairiterestin spidersilks over the recet decadegspecially
that of teg ol den s i | k Naphilabclawpesaasmderfound ifi southeast USA
which producs a yellowish-colored silk A number ofstudies have beerarried outin order
to developa methodology toregenerate silk wittsimilar properties[114-117]. However,
spider silkhasnot becomecommercial dugo thevery low productionof the fiber. $ider
silk is alsovery fineso thatto produce one square yard of cloth would reqthiessecretions
from 400 spiderg118]. Some of the methods used &xtractsilk from spiders maybe
considered unethicabecaise to collect the silk,the spidersare sedated and af of c e d
r e e | pronegss employed to collect the secretiofid9]. In addition, spiders cannot be
farmedbecausehey are cannibals and will not surviva communities where they are in
close proximity Despitethe difficuliesmentioned, in 2012 capemade fromspider silk was
exhibited at the Victoria and Albert museum in Lond@®20] as shown irFigure 2.2 [121].
The work wascompletedn a period of 3 years using over one million spiders svdlved

23,000 extractions to create only one ounce of silk thread
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Figure 220. A cape made out adpider silk threds.

In essencethe silk with which we are modiamiliar consists ofsecretions of
continuoudfilaments byproteincontainingglandswith which the larvae of different species
of mothsare equipped to spin their cocoonulberry silk orcultivated silk obtained from
BombyxMori moth shares abo@5% of the worldwide silkproduction[32]; the dMori6part
of the cultivated silk mothoés name @a@usi ves f
Nigrag the host on whose leaves the Bombyx Mori moth larvae fedtiv&ion of the

silkworm for silk production from its cocoons kmown assericulture
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2.2.2.1Sericulture

Based ontheir molting habits silkworms are classified into (a) Trimolters (b)
Tetramoltes (c) Pentamolters, rarely Bimolters, and Hexamolters. Tetramoltetheame
mainly reared for commercial purposEthe life cycle of the insectis about 5665 days
involving four metamorphoss namely egg, larva, pup@n the cocooh and (adul) moth.
Depending on the climate and the species of the silkworm, several generations of silkworms

can be produced insangleyear[16,35] An example is shown in Figure 2.21 [122].

The female motlays about 400 eggs at a time, each the size of the head of a pinhead.
After 10-14 days, the shells break and caterpillars creep forth. During the larval period, the
sil kworm wi || cast away 1ts skin four ti me:
Greek 60t o take or strip offd). As the caterpil
very quickly and its length increases about 30 times with#2@%lays. When it reaches
maturity, the caterpillar stops eating and begins to spin the silk filaim@ning the cocoon.
The caterpillarés two sil k glands, which |
fibroin in dissolved form which, on emerging through the spinneret into the air, becomes
insoluble in watef123]; two single fibroin filaments (brins) are extruded simultaneously to
form the bave whilst the silk gum (sericin) which emerges from two further glands close to

the spinneret, envelopes and binds the two brins together.
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About 3 days are redped for the caterpillar to complete thspinning of the cocoon
and form anelliptical enclosure aroundhe caterpillay and a further 3 days fothe
transformation oflarva. Emergence ofthe mothtakes about 14lays more. During the
interveningperiod,the insectis killed to prevent the moth from cutting through the filaments

as it emerges; this is dobg immersinghe cocoon inhot water

Life cycle of silkworms (Bombyx mori)
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Cocoon colomay vary from whiteto a very bright goldenyellow; variation inthe
color of the cocoon can alée observed irthe samelot. For beter quality silk, the cocoons
are to be soed according to color. Similarlythe cocoon shapmay vary from sphericdb

egy-shapé [16]. An exanple of varoussilk cocoon colasis shown inFigure 222 [124].

Figure 222. Varieties of silk cocoon colors

The silk is separatedrom the cocoonby the reeling process. The cocoorsre
fi s & d el soaked irhot water(often at 110°C¥or several hourandthen placed irwater
in a stearrheatedbasin. Bybeing turnedregularly with brushes, thecocoons arekept
submerged sthatthesilk gum softensFive to tenfilamentsare thendrawntogetherand are
reeledas a singleéhread. The filamentsf the cocoongierced by mothas well aghoseof
defectivecocoonscannot be reeled oSpunSilksérather tharfilaments silk are mad&om

such cocoonby methodsimilar to the spinning ofcotton fibers[16].
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Silk is a very fine, regular, and translucent mondilament fiber of high luster,
softness and strength, anchighly-valued Thelength offilamentsurroundhg the silkworm
itself is generally0.5-2.0 kilometers The cross sectioal size of a single thread (brin) of
Bombyx Morisilk mayvary from about 123 0 , dhowevey Indian Tussahs coarserat 65
e m a d35]oThesbeauty andoftness of silk's lustes largelydueto the triangular cross
sectionof the silk filament, because thsilk filament isusuallytwisted aboutitself andthe
ande of light reflection changes continuousi@onsequentlythe beam of reflected light is
broken, resultingn a sofer, moresubdueduster[16]. In attempts to imitate silk and create a
silk-like luster, synthetic polymer filaments with trilobal cregstions have been developed
[37].

2.2.2.2Morphological structure of silk

Silk fibers are smootkurfaced and triangular in cressction with rounded corners.
Natur al silk is secretelbaviey <ciohlswetmangi of t

continuous filamentghe brinsof the true silk fibeas shown irFigure 223[125].

Each filament is composed of two components, fibroin and sericin:

Fi broino: each sil k thread has two fibroi

=
N

sheath of AfSericino.

fTASeri ci no: sikpummpamauntoteovaboutBD% based on the weight of Bave

in case of mulberry silk, and % in case of wild silk
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Figure 2.3. Structure of silk fiber

Silk fibroin has ahighly-crystallineandwell-aligned structureThe silk fiber exhibits
good thermalinsulating propertie$3], is normally stable up to 140°C arwhs athermal
decomposition temperature greater than 150°C. The densities oflaitlefis are in the
range of 1,324,400 kg/ni for filamentswith sericin present (raw silkand 1,3001,380
kg/m? for silk without sericin.The gum content and solubility vary according to the quality
and origin of the silk.The gumcontains fats and oiléaround 0.51.0 %9 and 1.0-1.4%
natural pigmentsThe sericin is responsible fdhe harsher feel of raw silkit can be
dispersed and removed by hot soap solutions to which a mild alkali seotlias carbonate

may be added, if requirdd7].
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2.2.2.3Chemical struture of silk

The dlk filamentis composed ofibroin protein chains arranged in a lingpleated
sheetstructure with hydrogen bomdy betweenthe amide groups on adjacent protein chains.
The chemical composition oaw silk in generacomprises’5-80%fibroins, 17-25% sericin,

1.5% waxes, and about 18botheringrediens [126].

Fibroin is much simpler icomposition tharwool keratinbeingcomposedorimarily
of a small humber oamino acidswith sidegroups sah asglycine (about 40%)alanine
(about 30%),serine (aboutl0-15%), tyrosine (abouts-10%), and Valine (2.5%)Sulfur-
containing amino ackgllike the g/stinepresentin wool keratin, are absem silk fibroin. In
the absence of cro$isks and with limted numbers otbulky sidegroupsin its component
amino acidssilk fibroin moleculesare able taalign themselves parallel to each other and
form hydrogen bondst frequent and regular intervals between the protein chasslting
in a highlycrystalline and oriented pleatesheet structurf87,127 as shown irFigure 2.2

[128].
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beta pleated sheet

Figure 2.2. b-pleated sheets of silk fiber

Except for thephenylalanine andaline present insericin its hydrolysis otherwise
yields the same amino acids as fibroin. The proportions, however, are diffeigmbout
double quantity oserine and much smaller amountgbycine, alanine andyrosire than are
present in fibroin with the overall effect being thdi gum is noncrystalline[3,126,129].

Theamino acid compositiomaries betweedifferent typesof silk [130], as shown in
Table 2.337].

Silks are considered seimiystalline materials with different crystallinities depend on
origin, e.g. 3660% in spidersilks, 6265% in B. mori silkworm cocoons, and 563% in

wild-type silkworm cocoonf37].
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Table 2.3Main amino acids present in silk fibroin, mol%

Amino acid| Structure of side chain (F Bombyx mori Tussah
Glycine -H 44.6 26.5
Alanine -CHs 294 44.1

Serine -CHz-OH 12.1 11.8
Tyrosine -CH2-CeH4-OH 5.2 4.9
Valine -CH(CHs): 2.2 0.7

| n t-dhmeet cfystals the polymer chain axis is parallel to the fiber axis. The
polyalanine repeats or the glyctatanine repats are the major primary structure sequences
responsi blskeet foomationt hhe crystalline repeats are asymmetric with one
surface projecting alanyl methyl groups and the other surface of the same sheet containing
hydrogen atoms from the glycimesidues. The fiber has a typhase system consisting of
crystalline and nofrystalline phasel87,131].

Sericin dissolves in acids below pH 2.5 and in alkalis above pH 9.5. In theataw s
the silk filamenthas amattappearanceOn removingsericin, silk achievesdts characteristic
soft, elegant luster. Raw silk comes in many shades ranging from white to yehdw
greeni sh to br own i thehericinAeimoval procasdleedibrommmaynte o (

white, offwhite or creamyn color, depending on the variety and the extent of degumming.
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The gum is not completely removed in every case. Silk yarn may be partially degummed for
certain effect$132].

For Mulberry silk varietiesnclude

1 Ecru silk where fat, waxes, and abotf% gum are removed
1 Souple (supple) silk where % gum is removednd

1 Cuite or boiledoff silk which is completely degummed.

The fneness of silk yasimay vary corsiderably dependings type, origin, and
number of filaments. Silk fxmentsare strongwith a moderate degree of recovery from
deformation. Silk is soluble in hydrogen bebkaking solvents such as aqueditisium

bromide,phosphoric acid, ancuprammaium hydroxide solution$37].

2.2.2.4Types of silk

There ardwo major types of silk of commercial importanegjich areobtained from
different species of silkworms. As silk productiorainly comes from mulberry silkorms,
ot her wvarieties of sinuwklsb ecrarny 0alssiol kbse otre rfinneidl
fact that theyare obtained from silkwormshat mostly live in thevild on bushesand trees

unlike most mulberry silkworswhich aredomesticatedil2].
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Mulberry or domesticated silkwornB ( mori

Mulberry (Bombyx moriL.) silkworms feed solely on the mulberry leavekhese
silkworms are completely domesticated and reared ind8@is The silkworm is classified
on the basis of place of origin, voltinisthe number of broods per yeagnd molting

behavior32], see below

1 Place of origin

- India: Thesesilkworms are aboriginaio India and South East Asia. The larval stage
is longer and they arelerantto high temperature and humidity. The size of the cocoon and
larva is small. In many cases, the cocoon color is green, yellow, or white. They are mainly
multivoltines[32,133].

- Japan:Thesesilkworms are aboriginato Japan. The cocoon is peasiitaped. The
cocoon color is usually white bgbmeare green or yellow. The ratio of double coc®m
greater than for mulberry silkevms from elsewherelhe quality of silk filament is inferior,
thick, and short. They are univoltine or bivolti32].

- China: Thesesilkworms are aboriginato China. Thelarvae are toleranto high
temperature bubawe weakresistancgo humidity. Thelarvaeare very active, eat mulberry
leaves voraciously, and grow quickly. The cocoon is elliptical or sphencsthape. The
cocoon color is white, golden yellow, green, red, or beige. They are univoltine, bivolthe, an

multivoltine [32].
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- Europe:Thesesilkwormsare aboriginal in Europe and Central Asia. Larval duration
is long and they actively eat mulberry leaves. They are vatdkgh temperature and
humidity. The cocoon size Isig with a white color. The length of the filament sgh and
thepropation of double cocoosis low [32].

1 Voltinism

- Univoltines: These races have only one generation in a year. Thd freaislarge
and he cocoa weight, shell weight, shell rati@nd filament weight aralso high. The
filament quality is good32].

- Bivoltines: These races have two generations in a year. The silkworms are more
uniform and strong. The cocoon igikt, shell weight, shell rati@and filament weight are less
than the univolting but more than the multivolting32].

- Multi or Polyvoltines:The life cycleof this racdas short. They have many generations

peryear.The larva arestrong and can withstand high temperagutde cocoon size is small
and he cocoon weight, shell weight, shell ratamd filament weight are thieastamong

these three types. The filament qualitywever s fine [32].

Non-mulberry or wild silkworm

The important representatweof this type of silk moth belong mostly to the
Antheraea or wild silkworramily [3,37].
1 Indian Tusah or TasarAntheraea mylitta These mainly thrive onthe food-plants Asan

and Arjun.They are mostly found in Indiabut thereare some in ChinaThe cocoonof
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Tussahmoth is aboutour timesaslarge much harder andrownerin color thanthoseof

mulberry silkworms[37].

Oak TussaltAntheraea proyeld). These are &iner variety oftussahthatfeed on natural
food-plants of oak found in Indig87].

Chinese Oak Tusk (Antheraea pernyi This is aother type of oakussahwhich is

mainly produced in Ching32,37]

Japanese TussaAr(theraea yamampiAnother type of oak tussab Japanese tussah

which hasayellow-gr een col ored sil k. The Atensano
Japan for a long time. It produces a naturally white silk. It is now very rare and expensive
[37].

Muga (Antheraea assamenkis his rekrs to agoldenyellow colored silkfrom a semi
domesticated multivoltine silkworymmative tothe state oAssamin India This silkworm

feeds on som and soalu leaves a&nctaedon trees similar to tasait is either white or

light brown in colof37].

Eri (Philosamia ricin): Al so known as fi khis@ia hultivottineilkr r an d i
spun from open ended cocoons, unlike other varieties of silk. This silkworm feeds mainly

on castor leaves. Ericulture (Wwaspinning method) is a household activity practiced
mainly for the pupae, mostly found in Indiehasa lighter natural coloit is harderand

lesslustrous than cultivated si[l87].
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2.3Developments in sheegenetics technology

Genetic improvement is one of the strategies to alter the performance of farm
animals. Compared to other methods, it is slow but permanent, cumulative, (in most cases)
costeffective, and sustainable. Rates of genetic improvement depefour main aspects;

1 The selection intensity achieved

1 The accuracyvith which the genetic merit in the trait of interest is predicted
1 The amount of genetic variation in the trait of interasd

1 The generation interval

The breeding goals should inde all traits which are of major economic importance
and are heritable to ensure that the genetic gain in overall economic merit will be maximized.
Selection indices should also include all the measurements which make a significant
contribution to predictmerit in breeding goal traits. For example, understandinghef
relationships between production traits and traitsferring resistanct® harsh environments
could help in the production of more sustainable breeding programs for hill sheep in these
area. Two types of new technologies which can have a major impact on rates of genetic
improvement are reproductive and molecular technolpiesany new techniquesuch as
theseneed to have a favorable cdbenefit ratio in order to be widely adoptetbt least
because of growing public interest in methods of food prodyagpiarticularly in the welfare
of farmed animal¢eading toconcernsaboutanimal welfare or ethical implications of some

of the reproductive and genetic technologies as [@a4].
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2.3.1 Reproductive technologies

Species or breeds with a high reproductive rate are possible to achieve much higher
selection intensities than in those with lower reproductive rates. Species or breeds which
reachsexual maturity at a younger age can also achieve shorter generation intervals. There
are several reproductive technologies available which can accelerate progress in genetic
improvement programs in ruminants. These include artificial insemination, ptaulti
ovulation, embryo recovery and embryo transieryitro production of embryos, sexing of
semen or embryos, and cloning. Each technique is briefly outlined and the potential

applications are discussed in the following sect[a34].

2.3.1.1Artificial insemination (Al)

The atificial insemination method may be used to enhance the reproductive rate of
males. It allows much higher selection intensities and the desired number of pcagens
producedmore rapidlythan those with natural mating, so male generation intervals can be
reduced. Al is an important tool for cattle and swine modern livestock bre§ta5s
However for mostsheep producers, it is not a viable optim&causehe ovine cervix is
relatively difficult to traverse with traditional Al tools. Thereforetive majority of cases
sheep are inseminated laparoscopically which is more complicateekpadsive than nen
surgical AI[136]. In laparoscopic Al the uterus is viewed, and semen is inserted into the

uterus via a small incision in the abdomen. More recently a spiral insemination catheter is
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used,asarapdnd economi cal alternative, to traver

semen directly into the uterus. The method is easy to learn and to perform and takes about 2
minutes for insemination of each sheep at an ameate cost of $1.29, making it
significantly faster and less expensive than laparoscopiccaingisemination and it is easy
enough for producers to do independently. However, the technique is less reliable than
existing Al methods witla success rate of early tests aboudghen using freh semen and

about 106 when using frozen sem¢h35].

2.3.1.2Multiple ovulation and embryo transfer (MOET)

Multiple ovulation and embryo transfer is a technique by which a single female that
usually produce®nly one or two offspring can produce a litter of offsprid@7]. This
method is widely used to improve the number of offspring from selected female sheep and
goats[134]. For sheep, the embryo recovery and transfer techniques are only practiced with
laparoscopy or surgery. A number of applications of embryo procedures have been proposed
and practiced in sheep breeding which include:

1 Within-breed gnetic improvement programs;

1 The international trading of genetic material (offers potential advantages in economy,
animal welfare, and disease control);

1 Accelerating breed substitution by multiplication of newly introduced breeds;

1 Conservation of genetimaterial by freezing embryos from valuable individual animals,

or from rare or endangered breeds or species.
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MOET potentially offers benefits in selection of females similar to those offered by
Al in males. Female selection intensities can be increasetlé generation intervals can be
reduced, and the accuracy of evaluating embryo donors created by MOET can be increased.
Theoretically, MOET could be a highly effective techueqgfor dissemination of genetic
improvement to commercial sectors of the lieektindustries. Since embryos have already
passed the hurdle of fertilization, embryos also already contain the full complement of
chromosomes necessary for their development, and have the potential to produce higher
calving or lambing rates than Al. Howey MOET remains far more expensive than &id
thereforeit is less attractive as a means of dissemingti@8]. Even though the economic
cost of the technique causes a high price/benefit ratio that rediscgsaictical use,
neverthelessSsMOET programs are essential for the international trade of genetic resources
for the conservation of endangered species or breeds and for dairy breeders owning highly
productive flocks, which are near the limit of the gemeajain accessible by the use of
artificial insemination. Further progress seems to depend on the endocrinology and ovarian
physiology of the animals. The increase in knowledge of the influence of the follicular
population at the start of the superovulattgatment, the effects from dominant follicles
and/or corpora lutea, and the relationship of these factors with the superovulatory treatments
is leading the new treatments for the improvement of the number of transferable embryos
obtained per donor femal&tudy of the mechanisms underlying follicular development,
luteal function and oocytembryo quality will ensure the improvement of yields obtained

with the application ofin vivo embryo production technologiefgl34].
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2.3.1.3In vitro production of embryos

Invitrol i t erall 'y means fAin gl asso, t he mai
farm animals is to allow the use of the thousands of eggs present in the ofdeiesle
animals at birth, most of which never develop to the point of ovulation. CRigknUp
(OPU) is a reproductive biotechnology widely employed in several species but its use in
small ruminants is still very limited. Anatomical constraints of sheakes the performed
ovarian manipulation through the vagina difficult, and the use eagpéation protocols that
promote more effective control of follicular waves, consequently lead to an increased number
of oocytes being recovered. Both the complerityhe follicular dynamics in sheep and the
anatomical characteristics that hinder access to the ovaries make the monitoring of ovarian
sheep follicles difficult{139]. Theoretically,in vitro-produced sheep embryos vidthave
many of the advantages similar to cattle embryos. However, the techniques are less well
developed for sheep, and the lower value of the end product is likely to limit applications in
sheep breeding and especially in commercial sheep prodydi88h. Therefore, many
aspects of numerous improvements in techniques that have been employed need to be
improved, including;

1 The hormonal protocols for follicular aspiratjon
1 Oocyte collection techniqug$40]; and
1 In vitro procedures (maturation, fertilization, and culture until the time of embryo

transfer)[141].
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2.3.1.4Semen and embryo sexing

The technique uses the fact that repebearing the X and Y chromosomes differ
slightly in their DNA content. It is possible to detect the#géeknces in size, and to sort
sperm into two groups by using the techni que
staining sperm with a fluoseent stain and using differences in fluorescence when the cells
pass through a laser beam to identify and serand Y- bearing sperm. This technique is
slow, especially when high purity of sorted samples is required. Therefore, it can be used to
sort oy small quantities of semen, such as those requireth faitro fertilization. Several
approaches have been taken to developing techniques for sexing embryos, based on
removing a small number of cells from embryos at the-cell stage or later stages of
development. In genetic improvement programs, sexing of either semen or embryos could be
useful in increasing the selection intensity applied to females by producing more of them.
Improved techniques for embryo multiplication could increase the benefitgraaticality of
crossbreeding. In cattle and sheep, crossbreeding is sometimes impractical due to the low
reproductive rate of these species and that many purebreds are needed to produce a regular
supply of Filial 1 (F1) females, the first generationspfing from a cross mating from
different parental types. Improved reproductive techniques could allow a plentiful supply of
F1 (or other) embryos to produce replacement females from a relatively small population of

elite animals of the component pure ligd 38].
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2.3.1.5Embryo cloning

Embryo cloning (or embryo multiplication) is a term for the production of groups of
identical embryos from a single original embryo. There are two ways to achieve this; the first
way involves physically splitting embryos into two s (or four quarters). Embryo
bisection can be employed to increase the yield of transferable embryos, particularly when
donors are rare or very valuable, or in MOET nucleus breeding schemes where a target
number of embryos is needed from each donor. A large number of identical embryos can be
produced by the procedure of nuclear transfer. This involves zona pellucida (egg shell) from
a 16, 32 or 64-cell embryo, and separating the identical cells withirchEaf the resulting
cells can be inserted into an unfertilized egg from which the nucleus containing the single
copy of chromosomes has been removed. In genetic improvement programs, cloning could
be used to produce many animals of the same genotypedntoranprove the accuracy of
evaluation. This would involve implanting some embryos from each cloned line to produce
animals for testing and freezing others to allow subsequent use (or further cloning) of the
best tested cloned lines in breeding or digeation programs. Cloning could allow the more
effective use of nomadditive genetic variation. Selection for quantitative traits within breeds
attempts to identify animals with the highest additive genetic merit. Since the animals
produced from the samdooed line have identical genotypes, the favorable genotype could
be recreated exactly by further cloning. Cloning may enable the production of animals which

are more closely tailored to particular markets. Also, within each of these market types,
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cloning could help commercial farmers to produce a more uniform product, which is often a

requirement of modern food, and clothing retai[@@8].

2.3.2 Molecular genetic technologies

Most selection in livestock to date hiasen practiced with little or no knowledge of
DNA level. Selection has been on the effects of the genes rather than directly on the genes
themselves. Some traits are controlled by a single gene and have a large visible effect, e.g.
coat color. In these cas, there is a fairly close association between the gene and its effects,
although noradditive gene action (such as dominance) can cause difficulties in determining
the true genotype of an animal. Howevear, most casesfor most traits of economic
importance, the effects of these genes are influenced by environmental effects on the traits of
interest. Therefore, the link between particular genes and performance is obscured even
further. There are several effective methods that have been developed ify ml@mals
with favorable predicted breeding values. They work by removing as many environmental
influences as possible and using clues from the performance of candidates for selection and
their relatives to estimate the additive effect of all loci afifgcthe trait of interest. Some
new molecular technologies offer the opportunity to improve on current methods, and have
an impact on the genetic improvement of livestock. These technologies include genome
mapping the use of molecular markers in seleckond gene transfer. Each method is

reviewed briefly in the following sectidi38].
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2.3.2.1Developments in molecular and cell biology

The existence and gross structure of chromosomes has been known since the early
190G, and the chemical structure of DNA and its role in inheritance have been known since
the 1950s. However, it is the advances in molecular and cell biology which allow the
identification and location of individual functional genes or other sequences of @NA
chromosomes, and provide the molecular tools to assist conventional selection procedures,
and to allow gene transfer. These advances include:

1 The discovery of restriction enzymes;

1 The development of techniques to separate and detect DNA fragmentffeoéndi
lengths;

1 The development of techniques to multiply sequences of DNA rapidly;

1 The development and automation of techniques to determine the sequence of bases on
short strands of DNA;

1 The development of DNA probes and labeling techniques;

1 The develoment of markers of variation at the DNA ley£B8].

2.3.2.2Genome mapping

Chromosomes are made up of long double stands of DNA. The informative or coding
parts of the DNA are the paired bases adenine (A), thymine (T), guanine (G), and cytosine

(C). Functional gees are sequences of these bases which form the codes for the production
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of proteins. However, functional genes account for dri9o of the total DNA (the whole
genome). The rest of the DNA is either involved in controlling when and in which tissues
particular genes are switched on, or its function is unknown at present. The purpose of a
genome map is to describe the location of functional genes or other sequences of DNA, on
each of the chromosomes of the species concerned. The genomes of mammalsadesl estim

to be composed of 3,000 million base pairs, and to contain at least 100,000 genes, averaging
about 3,000 base pairs each. Genome maps can be used to make informed decisions about
which breeds, strains, or individuals should receive the highest prinritonservation of

genetic resources. In farm livestock and crop species, genome maps can be useful in making
informed choices of markers for economically important traits to accelerate conventional

selection programs, and for locating genes of poteintiaest for gene transfgt38].

2.3.2.3Use of molecular markers in selection

Phenotypic markers of variation at the DNA level, such as variation in coat color, the
presence/absence of horns, and variation in arsimaland shape, have probably been used
in livestock selection since domestication began. However, it is only in the last decade or so
that the tools to measure this variation directly at the DNA level have been developed. The
tool s, Kknownnads i ETmmlae kelramw,gare basically al
particular site on a chromosome which are identifiable by means laboratory test.

Moleculargenetic markers are of value in:
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1 Checking the identity and parentage of animals;

1 Checking the ngin of animal products;

1 Improving the understanding of evolution;

1 Leading the way to a fuller understanding of the structure and functions of genes, and
their modification or transfer;

1 Finding an association between a particular molecular marker and nimmal a
characteristic of interest without knowing which chromosome, or which part of a

chromosome, the marker is loca{éd8].

2.3.3 Genetic improvement of wool production

Wool varies enormously among breeds in itarelteristics and end use. Merino
wools are relatively fine, soft, and white, and are primarily processed through the worsted
manufacturing process to produce lighhedium weight apparel fabric. Wools from the
majority of British breeds and crosses wiiher types are coarse, mainly white and
processed through both the worsted and the woolen manufacturing systems to produce
heavyweight apparel, upholstery, and other interior textile fabrics. The eppetwools
from specialty carpetvool breeds arefom o6 hairyé sheep breeds,
medullated and sometimes pigmented. This type of wool is most frequently used in floor
coverings and other furnishing fabrics andirfis. The apparelvool sector largely reflects
the Merino and croslred Merino types. Such wools dominate world wool production and

form the vast majority of the total value of the traded wool in the world. However, the
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principle of wool genetics is applicable over the broad spectrum of wool types. Genetic

improvement ofaw wool is aimed at:

1 Increasing the production of fiber from a fixed resource to give a greater economic
return;

1 Improving the quality of the fiber so that it can be processed into superipreddcts,

and create a higher unit value for the wool predijc

The development of efficient breeding programs relies on the following steps:

1 Identification of the appropriate traits that should be improved;
1 A precise knowledge of the genetic parameters (heritability and correlatoiis);
1 Evaluation of the seledn strategies that will lead to the most eeective means for

achieving progress in the breeding objecf42].

2.3.3.1Traits of importance

The transformation of raw wool intapparelproducs involves long proceses. The
process can be reduced to four major steps which includemasmg, spinning,
weaving/knitting, and garment manufactur{ig?2].

1 Top-making

The raw wool is scoured to remove dust, grease, and othiamuoants. Vegetable

matter (VM) is also removed either physically by carding or combing the fibefey drigh

contents of VM, bychemical carbonetion. If wool is to be used for apparel purposes, the
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processed product i s loosa tope@fclead and plignediiberscThe i s
success of topaking is determined by the yield of topeanfiber length of the top (or
hauteur), variations in hauteur, and removal of neps and contaminants.

The raw wool characteristics that impact the-megking quality include the cleanness
of the scoured yield, the staple length, and the likelihood ofiltlees breaking during top
making as determined by the strength offibers, and the position along tH#ersthat the
breakage will occur.
1 Spinning

The wool top is converted to worsted yarn by a process of drawing fibers to form a
web and then applying a twist to this web. The thickness and weight of the yarn is
determined by the number of fibers in the yarn csesgion and their diameters. The fiber
diameter is important to determine the fabric weight and the evenness of the spun yarn. In
recent years processors have consistently shifted towards -ghiggnt fabrics, in response
to consumer demands, and this in turn has increased the requiremetenaand for finer
fibers. Becausdhe number of fibers in the cressction along the yarn varies, a lower limit
is established for the average number of fibers that can be included in theectams
without causing unreasonable compromises in thegtiieand evenness of the yarn and its
likelihood to break during spinning and weaving. The speed of the spinning process has also
increased greatly over the recent years to limit reductions in fiber number in theertiea

during the process.
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1 Weaving/knitting

The spun yarn is either woven or knitted to produce the fabric or cloth. Different
constructions will alter both the weight and the appearance of the final product. Fabric
dyeing and finishing and garment manufacturing are additional procesfees the product
reaches the consumer. Latimge processing of the substrate, however, is dependent mostly
on yarn quality which is dominated by the average fiber diameter. In addition, wool color and
contamination are two specific issues that can ieteriwith the success of the dyeing
process.
1 Garment manufacture

The endproduct is produced in line with the demands of consumers for garments that
are easy to care for, soft, comfortable (do not cause skin irritation), lightweight, and retain
their appesance with wear. Over the last-16 years consumers have increased the demand
for lighterweight fabrics, improved softness and better fabric drape, and these necessitate the
use of wools of finer diameter. Thus the averfiger diameter is the dominacharacteristic
at all stages of the processing chain. However, a wide range of other characteristics also
influence the outcome of the production, as shown in Tabl¢l42], although the number
of traits and their importance decreases aftemtaging[142]. In Table 1.4, the number of *

denote the increasing significance of raw wool charéstic on apparel processing.
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Table 24. Influence of rawwool characteristics on apparel processing

Rawwool Scouring and Garment
Spinning| Weaving
charactestics top-making manufacture
Fiber diameter *kk *kkkk *kk *kk
Yield
Wax, suint, and dirt hkx * - -
Vegetable matter * * - *
Strength i * * -
Length *kk *k * _
Style bl * - -
Fiber crimp * * - -
Color * - - o
Diameter variability - * * *

2.3.3.2Genetic parameters for wool traits

To make an effective genetic progress, the level of phenotypic variation, and
heritability and correlations (both phenotypic and genetic among the traits) need to be
estimated. Theéask of a geneticist is to combine such estimates into selection strategies that

will give a precise prediction of likely genetic progress and provide a basis for genetically
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evaluating animals as potential parents. For this latter purpose, adjustoreidisntifiable
sources of environmental factors (such as birth type, age of animal or age of dam) are also
required to improve the genetic model. The approach taken has been to estimate the genetic
parameters from an analysis of published estimates frastrédlian Merino populations. The
models fitted to these data include factors such as age (yearling: to 12 months of age, hogget:
1320 months of age, adult), strain (fine, medium, broad), and method of analysis
(dam/offspring, paternal hadfibling, anim&model restricted maximum likelihoedREML).
The phenotypic standard deviation, environmental effects, heritability, genetic correlations,
and phenotypic correlations among selected traits of importance are briefly discussed in the
following sections 142].
1 Fleece weight

The shorn greasy fleece contains wax, suint, dust, VM, and other impurities as well as
fibers. However, the genetic correlation between greasy and clean fleece weight is very high
and the heritability of both traits are little differembrih each other. Age at shearing has a
significant impact on heritability, increasing from 0.35 in yearling animals up to 0.45 in
adults. These heritabilities have been estimated generally after fitting fixed environmental
effects, such as birth type, birtlate, age of dam, etc. The importance of these environmental
factors reduces with age. The genetic correlations between fleece weights at various ages are
very high but not unity. Small but significant maternal genetic effects probably exist in
Merinos atboth yearling and hogget ages. The consistently higher estimates of heritability

for fleece weight derived from dam/offspring compared with both REML and paternal half
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sib analyses also point to the existence of maternal genetic effects. The mostnimporta
correlation is the low to moderate positive correlation wibler diameter. Selection in
greasy or clean fleece weight is likely to have a desirable increase in staple length and a
small undesirable increase in the coefficient of variation of theneter. Selection for
greasyfleece weight is likely to lead to a slight reduction in both yield and staple strength,
while selection for cleafleece weight might be expected to result in modest increases in
yield, a slight improvement in staple strengttd @n undesirable increase in dust penetration
and deterioration in crimp definitidi42].
M1 Yield

Although the production environment will directly influence the content of the non
wool components of the fleece, the heritability of yield within a flockeasy high (0.5).
Selection for higher yield is likely to lead to modest improvements in dleace weight,
staple length, staple strength, and whiteness of wool. The genetic correlations suggest that an
increase in yield would be a desirable outc¢ta?].
1 Average fiber diameter

The heritability of average fiber diameter is high. Age effects on heritability are small
and the genetic correlations between measures of diameter at different ages are closer to
unity than those for fleece weight. The pattefrachigh, age independent heritability is
further supported by the relatively small influence of specific environmental effects and the
almost total lack of evidence for maternal genetic effects. The genetic correlations among

ages are very high; howevehe genetic variations among animals in their fidemeter
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correspond with age. This trait, termed diameter stability, has a heritability €5.3.2
(depending on the age interval involved), but appears poorly correlated with other production
traits orpotential indirect selection criteria. Selection to reduce fiber diameter is likely to lead
to a modest reduction in staple strength and a slight increase in the coefficient of variation of
the diameter. However, reduced fiber diameter would lead to iragravool color and lower
dust penetration. The strongest relationship with fiber diameter, both phenotypically and
genetically, is that between reduced fiber diameter and increased follicle deh§ityp{0.7)
[142].
1 Vegetable matter

The heritability of VM was estimated to be 0.06 to 0.04 by Mortimer and Atkins in
1993[143], who concluded that selection for reduced VM would be an unrewarding avenue
to pursue.
1 Staple stregth

Staple strength appears to be moderately heritable; however, when combined with its
high phenotypic variance, it becomes a very attractive trait for genetic modification. The
coefficient of variation of the diameter is a strongly correlated indiressore of staple
strength and that indirect selection on diameter variability is likely to be 60% as effective as
direct selection. The staple strength in young animals may not be exactly the same trait as
predisposition to tender wool in adult ewes. Thighlights the need for further estimates of
genetic parameters across age classes of animals, particularly in the presence of the

physiological stress of reproduction. The increase in the commonly high levels of staple
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strength in young stud ram will imgve the staple strength of their progeny under less
favorable commercial environments. A moderately positive genetic correlation between
staple strength anftber diameter suggests that retaining strength while reducing diameter or
preventing upward drifin fiber diameter while selecting for increased staple strength may
need particular attentiqi43].
1 Staple length

The heritability of the trait is high and genetic correlations with fleece weight would
indicate that staple length will increase as a tated response to selection. Genetic
correlations between staple length and other wool quality measures are generally close to
zero with the exception of the strong positive (undesirable) correlation with dust penetration
[143].
1 Color

James et a[144] reported a very high genetic relationship between greasy and
scoured color. The genetic parameters are for visually scoured greasy color. A moderate
heritability of greasy color and desirable associations with increeleedifleece weight
(largely through increased yield) and reduced fiber diameter are indicated by the parameters.
1 Style

Information on genetic parameters for the components of style comes from subjective
scores. Lax et dll45] studied the genetic analysis of objective measurements of style and
relationships between youngnd aduk animal assessments. They reported simultaneous

assessment of five style components, each with a moderate heritabilit/38)2and low to
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moderate positive correlations among the components.

1 Fiberdiameter variability

Variation in diameter can be expressed as a standard deviation, coefficient of
variation or any number of proportions of the distribution (deciles, quartiles, etc.). However,
the coefficient of variation is the most commonly used expression. The coefficient of
variation of diameter is a trait of moderate heritability, having low genetic correlations with

other traits, apart from the high genetic and phenotypic associatiostejile strengtfil42].

2.3.3.3Realized responses to selection

Estimated genetic parameters provide a relatively precise prediction for expected
responses to selection; however, it is population specific and relevanetgeneration of
selection. Selection of flocks, where selection has been based on a single trait or a restricted
range of traits, has been used widely in the Merino. The major aim for such flocks was to
check the prediction that selection response wbel@ffective, the secondary aims were to
improve the understanding of wool and skin biology, and to investigate the physiological
consequences of selection on production tfasg].

1 Consequences of selectiar fleece weight

- Direct responses to selectiaine responses to selection in a number of experiments

where fleece weight was either the sole selection criterion or the dominant selection criterion

in a multttrait objective shows that based on a heritgbdf 0.4 for hogget clean fleece
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weight, the expected responses in all flocks were between 0% per year, accounting for
variation in selection intensity (through population size and structure) and the number of
traits in the objectiv§l4?2].

- Correlated responses to selectithre observed responses were generally expectations

based on estimated genetic correlations. Response in fleece weight arose primarily from
response in wool production per unit areaskiin, reflecting positive genetic relationships
between cleaffleece weight and yield, fiber density, staple length, and fiber diameter. The
component of fleece weight was one feature of correlated responses which has strong
negative association betweersponse in follicle density and fiber diameter within selected
flocks[142].

- Effect on food intake and efficiency of wool producticomparisons of lines selected

for high fleece weight, with either control mw fleeceweight lines have indicated little or

no differences, either in voluntary food intake in pens, or in digestive function. The selection
of fleece weight has not resulted in any noticeable change in energy requirements either to
maintain or to chage live weight. The lack of correlation implies that there is little, if any,
change in fleece weight from changes in food intake, at least in pens. Information on food
intake and efficiency of wool production of sheep at pasture is limited. Howevesz,ishar
difference of 1015% in pasture intake between sheep selected for high and low fleece
weight. Hamilton & Langland4146] and Lee et a[147] showed a positive genetic
correlation between intake and wool growth in grazing adult ewes. It is possible that

selection for increased fleece weight has influenced grazing behavior, allowing higher
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pasture intake and intake per unit live weid42].

- Biochemical and physiological consequences of selecSefection for increased

fleece weight changes the chemical and physical properties of the wool and morphological
changes in skin tissue as well. Selection for increased fleece wagkgchto a lower sulfur
content of woo[148], due to a lower proportion of highulfur proteingd149]. The follicles
of sheep from higtileeceweight lines tend to be deeper time skin and straighter and to
have a better developed vascular supply. The follicle characteristics of density, depth, and
degree of curvature together account for 83% of the genetic variation in fleece pfB@ht
Even though the implications of these observations are not obvious, these results demonstrate
that structural differences in skin are apparently associated with the effectiveness and
capacity of the skin and its follicles to produce fiffiet2].
1 Consequences of selection for wool quality
Some confirmations of the estimated genetic parameters are:

- selection on fiber diameter has shown a substantial change in diameter, a positive
genetic correlation with fleeageight and little change in either yield or staple length;

- selection on staple length has shown a greater response in length in the downward
direction, positive genetic correlations with yield and cléaace weight;

- selection on yield has producedbstantial responses in yield, a negative genetic
correlation with greasfleece weight and positive genetic correlations with both ellegte
weight and staple length. Results involving follicle density and staple length provide some

evidence of the nelinearity among the components of fleece weight. All responses in
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density demonstrate asymmefiyi2].

2.3.3.4Breeding programs for improved fleece value

The objective of the breeding program may be simply descebaubntrolling fleece
weight and fiber diameter. In summary, selection for fleece weight and fiber diameter is
expected to make a positive contribution to improved staple length, wool color, and crimp
definition, but with some significant decline in se@trength (at a high emphasis on fiber
diameter) and increase in dust penetration (at a low emphasis on diameter).

The expanded objective of the process may be summarized as controlling fleece
weight, diameter and wool quality. The effect of the expanol@ective and expanded
selection traits has been shown to be relatively minor for the dominant traits in the objective
but with a demonstrable impact on those traits of secondary importance. Specifically, the
impact on potential gains was shown to resuliitle change in fleece weight response,
reduced response in fiber diameter by up to
reduction) in staple strength, by about 2N Kiealthough staple strength was still predicted
to decline in indexes bmve 10% micron premium (MP), and consistent reduction in

coefficient of variation of diameter across all YiIA2].
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CHAPTER 3 PROBLEMS IN THE DYEING OF PROTEIN TEXTILE MATERIALS

3.10verview of industrial practices for protein fibers

3.1.1 Wool and other keratin fibers

The art and intricacies of textile processing are not new and ar&mnesiin to dyers
and processors. However, the passage of time has resulted in the introduction of new
processes, methods, and machimesgrprove the productivity and quality of the fabric. In
the era of energy saving, water saving andfeeoadly processing it is difficult to maintain
the high expected quality of products and reduce the cost of the process. Thus it is essential
to emphaze accuracy in processes from preparation to dyeing and finishing stages in order
to achieve the best quality dyed goods at the lowest possible cost. The motto often employed
to describe this strategy Ii15]. 6Good dyding quilityr st t |
can often be achieved by strictly adhering to process control parameters for each and every
step of fabric processing. Protein fibers ¢
Atopo dydiim@ankoyanrn ipackaged dyeing), fabri
form. Wools obtained from sheep are mostly dyed in fiber and yarn form, while in the case of
silk, the dyeing is mostly carried out in the yarn fd81152]. General steps in the dyeing of
these two types of protein fibers are shown in Figures 3.1 and 3.2 but it is important to note

that not all treatments are used in every case for each typeathidérer.
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is also neededSkirting is the process of removing certain parts of the shorn fleece which
tend to be very dirty, such as belly, leg, tail, and the head sectiosfidep, alpaca, and
Angora goat. The color of the clip determines which part of the fleece should be removed.
This step may be done by the shearer during the shearing pf86¢sScouring is the
process of removingnpurities from raw wool. It is a critical step in wool processing to
ensure that wool attains its optimum performance in further processing. In this process wool
is passed through a number of wash bowls and squeeze heads, which are usually linked to an
in-line dryer and a wool grease recovery system. Most greasy wools are scoured in aqueous
systems using rake and harrow machines which fulfil most of the requirements for washing
fine and coarse woold54]. The ckaned wool is then carded or combed depending on the
length of the fibers, whereby longer fibers are combed to produce tops which are spun in
worsted yarn systems. Shorter and coarser fibers are carded and are processed in the woolen

system[155].

In the worsted system wool is combed after drying. Worsted materials generally have
a smooth finish, are durable, and used for production of articles such as trousers, suitings,
dresses, and other garmenté/orsted materials are often enhanced by special treatments
(e.g. calendering). Due to the higher quality and longer processing times associated with
worsted wools they are more expensive compared to wool spun on the woolen system.
Worsted materials aresal stronger and more durable for an equivalent weave construction

and fabric weighf155,156].
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The woolen system is used for shorter length wool fibers. Hereigvoatded but not
combed. The materials made from woefgnun yarns tend to be thicker and garments made
from such materials look bulkier than worsted wool fabrics in appearance. Tipeoshatts

include sweaters, carpets, .4t55].

As mentioned wool may be dyed in fiber, yarn, fabric, or garment forms. Dyeing is
typically carried out at the boil for one hour. For high fashion industry products e.g. for
knitwear, coloration tends to be carried otitlee later stages of the production, such as in
garment form. In fact, a factor in the selection of dyes is the stage of the production sequence
at which dyeing is to be carried out. Dyeing machines with low digeor interchange
require dyes with higimigration properties (i.e. excellent levelness). For example, for hank
dyeing in yarn form or piece dyeing in the win&évelingacid dyes are used but these dyes
tend to exhibit poor welastness properties. For machines with excellent -figaor
interchange, for example in package dyeing andfoft jet machines for piece dyeing, dyes
with lower migration rates are selected because they have good wet fastness properties.

Continuous or sergontinuous processes are not common practice in wool digS®4].

3.1.1.1Fiber dyeing

Raw wool needs to be scoured to remove impurities prior to dyeing. In spun wool
processing loose wool may be dyed right away, but worsted wools are mbtidlyeafter

combing. Dyes selected for dyeing fibers must have good fastness to wet treatments because

82



the spun yarn from these fibers will need to undergo further processing, such as scouring,
milling, or potting. Dyes with good wet fastness generallyibit inferiorleveling properties

and thus it is difficult to achieve uniformity of shade; however, levelness of shade is less
critical in fiber dyeing than in yarn and piece dyeing because any mineamfmmmity is
eliminated in carding or gilling eps which result in a thorough mixing of the dyed fibers.
Shade matching is also easier to achieve in libse dyeing. Reasons to dye wool at this
stage include production of large lots of yarn with good shade uniformity, mixing shades,
high wet fastnes properties, and products based on fiber blends. Disadvantages include
potential fiber damage during the dyeing process which reduces the efficiency of spinning in
comparison with undyed wool. It is also problematic to commit to shade selection atyan earl
stage in the manufacturing process, because
view in responding to consumer preferences and from the perspective -ofi-jose

manufacturing152].

3.1.1.2Yarn dyeing

Wool yarns are dyed in the form of hanks (skeins) or packages. For package dyeing,
yarn packages are loaded on to perforated spindles. The uniformity of the density of the yarn
packages is critical to achieving a uniform flow of dye liquor,aths pumped in between
and through the yarns. Packages are either precision wound on rigid centers or randomly
wound and compressed as a column on the center spindle (this requires package centers that

are compressible or4gionical and can slide insida&h other). For hank dyeing, yarns must
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first be wound into the hank form. Dyei ng me
of the machine on which the hanks are hung. Sticks are also used at the bottom of the hank to
keep it in an extended formuhile in some cases (e.g. carpets) only a top stick is used. Dye
liquor is circulated through the mass of yarn to achieve uniformity of shade. Dye selection
for yarn dyeing is important to ensure adequate levelness and fastness. Levelness is much
more critcal in yarn than in fiber dyeing, but there is more tolerance for variation here than

in piece dyeing especially if the yarn is to be used in reolored patterned products.
Sometimes yarns are used to produce plain color woven fabrics, in which dasitn
becomes more important. The advantages of dyeing yarns include efficient spinnirg of un
dyed fiber owing to reduced need for cleaning between runs, shades can be selected nearer to
the time of the end product retail and smaller dye lots are featibn in fiber dyeing

[152,157].

3.1.1.3Fabric dyeing

Dyeing in fabric form minimizes the time between shade selection and retailing for
woven goods. However, it is limited to tpeoduction of plain shades. Uniformity of shades
is critical in piece dyeing and it is therefore essential to use dyes that are capable of
producing level dyeing. These dyes generally do not have good wet fastness but most
products that are manufacturedrh piece dyed material will require fastness to dry cleaning
only. Unlike fiber and yarn, fabric is dgen machineswherethe material is circulated

through the liquor. Traditional winckor beck)dyeing machines are being replaced by
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Aover fl owo f dewdgeindnsachinesvhere thedabric is fed over a winch reel and

the two endsare sewn togetherThe jet forces dye liquor into the fabric rope during its
passage around the machine and the driver reel circulates the fabric through the dy& liquor.
time of 1.52 minutes for each revolution of fabric rope is normally regarded as adequate to

produce a level dyein[d51,15§.

3.1.1.4Garment dyeing

This is the most critical dyeing operation, but allawanufacturer the opportunity to
color the product at the latest stage possible in the production process. For wool, this route is
only used for knitwear. Most knitwear that is garment dyed is sold as machine washable or
hand washable. This requires dyeggobd wet fastness, which are generally not very level
dyeing. However, because garment dyeing produces plain shades, it is vital to have a very
high degree of shade uniformity. The dyeing process is often combined with scouring,

milling, and shrink resigtoutines[152].
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3.1.2 Silk wet processing

In the case of silkthe general steps of dyeingre cescribed as follow§159]. Silk
cocoons are cooked in baths containing water for mulberry silk, andssdiajn carbonate
or enzyme for tussah and muga $i60]. A number of silkfilament are reeled together to
form silk yarn[33,34. The degumming process removes sericin in an alkaline bath. As
sericin acts as a protective coating in subsequent mechanical processes spicimiag,
knitting, and weaving, its removal is delayed until the completion of these processes which
depends on the type of prodJditl]. However, for high quality silk fabrics the uneven
structure of degummed fab would be unacceptable. Therefore, the recent trend is to degum
silk in yarn form followed by application of sizes which can be removed easily after
weaving. Degumming also removes substances like fats, oils, natural pigments, and mineral
components resting in a weight loss of up to 20%. Uniform removal of these impurities is
important for uniform dyeing. Finally, to remove the color contents of raw silks, silk can be
bleached with hydrogen peroxife7,33,34.

Raw silk is sold by weight; therefore the weight lost during degumming is added back
in a process known as weighting with one of three types of substance including vegetable or
mineral compounds, or polymers of metallic salts thaeas#ly absorbed by silk. Weighting
increases the cost and makes the finished goodsdieable and morsensitive to
perspiration, tears, scratches, and pulls, but can impart a distinctive, attractive handle to the

fabric[18,19]
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3.2 Factors affecting the dyeing of protein fibers

The dreing process is complicatdzbcausat involves consideration ofiber type,
yarn or fabric structures, dyes, and chemical auxiliaries, as well as dye techi@2dg3].
To achieve the required dyeing quality, all factors that may influence #egdgrocess
must be controlleftLl64]. A list of factorsthat influence theyeingof protein fiberds shown

in Table3.1[159].

Table3.1 Factorsinfluendng thedyeing process

Fabric dyeing Yarn dyeing
Batchwise Continuous Batchwise
Influence factor
Overflow Jig (pad Package Hank
dyeing | dyeing dyeing) dyeing dyeing
Fiber *k ko ko *k *k
Yarn type * * * ok ok
Fabric structure i o ok - -
Water quality *k ** ** *k *k
Yarn/fabric preparation o i o ok ok
Dye selection *x *k *x *x *x
Temperature *x *k % *x *x
Time *k *k *k *k *k
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Table 3.1 (continued)

Fabric dyeing Yarn dyeing
Batchwise Continuous Batchwise
Influence factor
Overflow Jig (pad Package Hank

dyeing | dyeing | dyeing) dyeing dyeing

pH *%* *%* *%* ** **

Fabric moving speed * o ** - -
Load capacity o ** * o o
Liquor ratio * * - ok o
Heating and cooling ratg ~ ** o * o o

Dosing of dyes and

*% *%* *%* *% *%
auxiliaries
Dye solution flow rate
*% *% * *% *%
and circulation time
Pad pressure - - ** - -

(Notel: ** The most infuential, * Less influential factors, andNo practical application)

(Note 2: Jig dyeing is not normally used for the dyeing odMabrics but can be used for

the dyeing of silk fabrics)
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3.3An overview of textile processing and related environmental conoes

An examination of major the major sources of environmental contamination in textile
processing shows that the primary focus is on textile finishing. The textile processing
industry has a highly complex chemical consumption pattern. Most approacleskitong
the environmental footprint of the textile industry have focused upon process design rather
than chemical substitution. Most of the environmental impact of the sector during the
production of textiles stems from large releases of low toxicity anbses, as shown ifable

3.2[165];

Table 3.2. Environmental loadings from the EU textiles indugsgurce: IPPC 2003 Data

extrapolated from studies in Germany and Austria)

Environmental Load
Substances
(tonslyear)

Salts 200,006250,000

Natural fiber impurities (including biocides) and
50,000100,000
associated material

Sizing agents 80,000100,000
Preparation agents (mainly mineral oils, ester o 25,00030,000
Surfactants 20,00025,000
Carboxylic acids (maiy acetic) 15,000620,000
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Table 3.2 (continued)

Environmental Load
Substances
(tonsl/year)
Thickeners 10,00015,000
Urea 5,00310,000
Complexing agents <5,000

3.3.1 Fiber preparation

Raw natural protein fibers require cleaning before entering the fatmuugtion line
and this process is most intensive for wool. Raw wool can contadl®@@Z0Dimpurities in the
form of wool grease (lanolin), dried perspiration (suint), dirt, and a significant loading of
pesticides. Wool is commonly scoured in a process regularge amounts of hot water
loaded with nonionic detergents (alcohol ethoxylates/alkylphenol ethoxylates) and builders
(inorganic salts) to emulsify the wool grease. The IPPC document of Best Available
Techniques (BAT) for the textile industry recommeddhe use of an orgarsolventbased
wool scouring technique (the Wooltech proced$p]. It is a process similar to digleaning
which incorporates the use of a solvent to extract and collect impurities by evaporating off
the solvent in a collectonges el . The advantage of this proc

heat capacity. However, volatile organic solvents are coming under close environmental
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scrutiny; the solvent employed in the Wooltech process tnahloroethylene, which is a
known carcimgen and although the process has been fraddio incorporate alternative
compounds such as tetrachloroethylene (also known as perchloroethylene), its toxicity is also
under questiol67,169. Waterbased scouring techniques employlBliters of wateper
kilogram of greasy wool processed. The bath must be heated and the cleaned wool should be
dried both of which require large amounts of energy. Silk is generally a cleaner fiber and
only requires dry processing to remove dirt partifl€s].

During spinningfibers are subjected to various mechanical processes that separate, in
some cases comb and align, and in all cases spin them to produce a yarn. Chemical
auxiliaries are used to provide lubrication to allow hggeed processing. Traditionally,
mineral oils were used, which are a source of poly aromatic hydrocarbons (PAHs). PAHs are
prevalent pollutants in both terrestrial and aquatic environments that can cause a wide range
of toxic effects, and some are knowantman carcinogengl65]. These have been largely
substituted by synthetic oils (silicone oils, polyglycols) and ester oils (esterified fatty acid)
which offer better performance and have more uniform propddt&. As oils are applied
as aqueous prepaias and are not generally water soluble, emulsifiers are required. The
emulsifiers mostvidely used were nonionic surfactants such as alcohol ethoxylates (AEOS)
and alkyl phenol ethoxylates (APEOS); the nonylphenol ethoxylates (NPEOs) accounted for
80% d the APEOs used and octylphenol ethoxylates (OPEOSs) for the remaining 20% of
such products, primarily for preparation and dyeing procd4€$8%. However, in 1998, the

use of APEOs in detergents was forbidden in Germany, and their ban was followedWy an E
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directive in January 2005, which restricted the use of NPEOsOncentrations higher than
0.1%, in detergent formulations. Despite the fact that yothoh and supply is often from
outside EU, where the use of NPEO is not restricted, several Eurgpegranies have
established more stringent requirements with respect to the use of NPEO and [DREEOs
Some ecdriendly substitutes include fatty alcokhelhylene oxide adducts, and alkyl
polyglycosides [171,173. Small amounts of preservatives, such lzectericides and
fungicides, are also added to protect the aqueous preparations from degradation during
storage. Ester oils are biodegradable and easier to emulsify than mindt®ils 3.

Weaving interlaces twor more perpendicular yarn systems. Size is applied to the
warp yarn prior to assembly on the loom, in order to reduce damage caused by the abrasive
contacts. Sizing agents reduce friction, the number of free fiber ends that may interfere with
the weavingorocess and the number of warp yarn breakflg&8. Removal of sizing agents
such as starch can result in increased BOD and COD levels, with pollution levels depending
on the type of sizing agent employed. Recentaades in this area include the use of
recyclable sizing agents, such as partially hydrolyzed poly vinyl alcohol (PVA) and
polyacrylates.

Auxiliary chemicals applied during spinning and weaving are generally left on the
fabric by producers. Their removil carried out prior to dyeing to avoid poor dye uptake
and inconsistent results. Therefore, the environmental impact of spinning and weaving
includes the effects of sizes upon waste water streams. The direct environmental toxicity of

most substances i®latively low; however, the large quantity of these, mostly benign
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substances, burdens the environment. Exceptions anenmorsurfactants (alkyl phenol
ethoxylates), borax, and biocides added to preparajiBsj. An important factor to be
consideredn surfactant selection, in addition to toxicity, is biodegradability or treatability. A
surfactant of moderate or low toxicity which will not degrade will produce more toxic waste
than ones of higher toxicity which degrades fully during treatifi8. Generally, the more

linear a molecule, the greater its degradability, e.g. branched hydrophobics are less
degradable than linear ones, and aromatic materials are least degradable. NPEOs (aromatic
type), for example, degrade about 25%, while under similaditons, linear alcohol
ethoxylates degrade 100pb71]. The NPEO assessment report, however, stated that waste
water treatment of NPEOs results in chemical transformation to compounds that are more
persistent, toxic, and estrogenic than the parent NPH®@3. Therefore, due diligence

should be done in the selection of suitable surfactants.

3.3.2 Preparation

Preparation occurs immediately before dyeing in the textile production chain, often in
the same machine used for dyeing (integrated processing). Natutaitiegppresent in wool
need to be removed before dyeing to improve uniformity, hydrophilicity, and fiber affinity
for dyes and finishing auxiliaries. Bleaching is carried out to allow light dye shades (i.e. pale,
bright or pastel colors) or to produce wehfabrics. The nature and number of preparation
stages depends upon both the fiber and the required end result. The type of environmental

pollution resulting from preparation depends upon the preparation sequence (or process
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routine) employedi165,173.

Singeing: the material is exposed to a gas flame to burn off protruding fibers that
cause notuniform dye uptake and inferior appearance. The process has a low environmental
impact; however, dust and volatile organompounds (VOCSs) are produdd®5,173.

Desizing: Removal of size is required for all woven fabrics prior to dyeing. The
process depends upon the type of size applied. For-mstduble sizes, such as starch and
starch derivatives (with the exception of carboxymethyl cellulos@MC), agents that
degrade the size and render it water soluble are required. This is accomplished by employing
either enzymes or oxidizing agents. For waeluble sizing agents such asly vinyl
alcohol (PVA) and CMC, theoretically only hot water is required to remove the size.
However, the efficiency is usually increased by the addition of a combination of nonionic
and ionic surfactants. Often dye houses may not know the compositiba pature of the
size blend applied. In these cases oxidative desizing liquor is applied to remove both soluble
and insoluble compounds. In terms of environmental considerations, synthetic size and CMC
can be recovered and recycled from the desizing ligydhe ultrafiltration process. Starch
size is degraded during desizing and is not recycled. Desizing liquors can account for up to
70% of the COD (chemical oxygen demand) load of a mill finishing woven fl8%c177.

Scouring: Natural impurities such as wagplease, suint, dirt, and proteinaceous
material such as skin flakes, and soluble peptides, must be removed. Raw wool may contain
large amounts of impurities by weight. Weak alkaline solutions together wittplexing

agents based on alkyl phosphonates, which assist in removal of soil from raw wool during
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scouring and improve the whiteness and cleanliness of {#dd], and a surfactant are
generally used, although enzybhased approaches are also availald@ol may also be
scoured with organic solvents or aqueous solutions of detefd&s However, the use of

mild alkaline agueous scouring systems is preferred, with sodium carbonate employed as a
builder to improve grease removal and prevendapositon. Lanolin from wool may be
recovered as a byroduct of the scouring process through saponification of wool grease at
the boil in caustic alkali which takes several hqa5)].

Carbonizing: Wool may contain irpties of plant origin that cannot be removed by
mechanical means. The wool is soaked in a solution of sulfuric acid, heated to concentrate
the acid and baked to carbonize the impurities (often a surfactant may be added to the
treatment solution to conceate the sulfuric acid in the burrs rather than in the wool). The
carbonized impurities are then crushed between rollers to aid their removalpdWpedter
blends are treated with gaseous hydrochloric acid (HCI) as the polymer is sensitive to sulfuric
acid. In this form HCI presents a risk to the respiratory systems of wddkéshs

Bleaching: Wool is sensitive to chloriimsed agents. Two chemical routes may be
employed to achieve a whiter fabric and attedkr producing compounds. The first method
is an oxidative bleaching process, where hydrogen peroxide is exclusively used. The second
method is reductive bleaching, which is less effective than that by hydrogen peroxide and is
now seldom used without a pesting oxidative bleaching stage. Most reductive bleaching is
normally carried out using stabilized sodium hydrosulfite, however thiourea dioxide, sodium

formaldehyde sulfoxylate, zinc formaldehyde sulfoxylate, can also be used. Hydrogen
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peroxide (HOy) is currently the most common bleaching agent uséd;[in order to bleach

wool to the highest achievable whiteness, a-stage double (or full) bleaching is
recommended. The compound requires the presence of an alkali and aestshith as
EDTA to gererate the appropriate levels of perhydroxyl species responsible for bleaching.
The largest concern relating to many chelating agents (especially EDTA) is their slow
environmental decomposition and persistence in the environmégt [his has led to a
badground level of the compound being present in European watjs There is a search

for environmentallybenign alternatives which provide the same level of performance. Two
available alternatives are ethylenediaminedisuccinate (EDDS) and iminodisuecidi

(IDA). Both have very similar structure to EDTA, yet biodegrade rapidly. EDDS appears to
slightly outperform IDA [B0]. Reductive bleaching involves the use of sodium hydrosulfite

as the bleaching agent. Though the bleaching of wool is uncommouamshygdrosulfite is

used in a two stage process following the applicationkHThis method is called double

(or full) bleaching. Sodium hydrosulfite is produced in large quantities in the EU, and
although it is toxic and an irritant to humans, it i aosubstance of high concern under
REACH [181]. Due to the fact that reductive bleaching of wool is not very effective
oxidative as well as full bleaching are recommendgd. In the case of silk, bleaching, if
required, is oxidative although reductiorethods may also be applied. For a very high
degree of whiteness, a combination of both methods in the form of double bleach can be
used. The main method of bleaching silk, however, is based on the use of hydrogen peroxide

in a separate bath. The condisoof bleaching for mulberry silk and wild silk are given in
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Table3.3[42].

Table3.3. Conditions for bleaching silk with hydrogen peroxide

Chemicals Mulberry silk | Wild silk (Tussah, Muga, Eri
Hydrogen peroxide (35% by wt.) ml/ 15-20 20-30
Stabilizer (g/l) 2 4
L:R ratio 1:20 1:30
Temperature (°C) 75-80 80-90
Time (hour) 1-2 34

3.3.3 Dyeing

A more detailed description of the dyeing process for protein fibers based on various
dye classes is given section 3.6.6 Here we describe some of the main issues pertaining to
environmental aspects of dyeing protein fibers with various dye categories.

Reactive dyes: While reactive dyes constitute one third of dyes used for cellulose an
increasing amount o$pecificallydesigned reactive dyes are used on wool and nylon.
Lanaso$ (Huntsman) and Realan EHF (Dg§ appear to be the only ranges marketed
specifically for wool fi7]. The dyes contain chemical groups that are capable of covalently
binding with aming thiol, and hydroxyl group in wool. Reactive dyes on protein substrates

perform significantly better compared to cotton with lower associated environmental
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concerns. Poor dye fixation has been a longstanding probigmmeactive dyes on cellulosic
subgrates; however, due to their high shadproducibility and excellent color fastness their
consumption is high. These issues affect the coloration of protein/cellulosic blends and
attempts are extended to overcome such challenges. The use of eithec cy#snor a
cationic polymer based preparation for the fabric alleviates the need for an electrolyte and
reduces water consumption8184]. The fabric is repeatedly washed (after dyeing) with
agueous surfactants to remove excess/unfixed dyes#ff. [These shortcomings may be
avoided by the use of 2.5% o.m.f. of hexamethylenetetramine (hexamine), which
decomposes at the boil to give ammonia and formaldehyde. This treatment improves the
penetration of aftetreating agent, and results in a more effectemoval of unfixed dye at a
lower pH (6.5 as against 9.57]. Due to their brilliant colors, excellent wash fastness and
good overall performance, reactive dyes are generally recommended for use on protein
fibers.[165].

Direct dyes: The main consumption (75%) of direct dyes is for the dyeing of cellulose
fibers and is not generally applied to protein substrates. The brief description provided here
pertains only to blends of protein fibers with cellulosic subssafuxiliaries used are
similar to those applied during dyeing with reactive dyes which include electrolytes (sodium
chloride or sodium sulfate) to favor the aggregation of dye molecules on the fibers. In order
to achieve good color fastness, after tremitris important, hydrophilic groups on the dye
molecule are blocked resulting in reduced water solubility. Quaternary ammonium

compounds with long hydrocarbon chains predominate; these forlikeatbmpounds with
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the dye molecule. They are often totacaquatic organisn4.65].

Vat dyes: Vat dyes can be applied to a range of textiles that include protein fibers.
These dyes are not biodegradable as their molecular structure is too large to fg thjen
bacterialcells [185]. Once the actual dyeing process is complete, the goods go through a
series of operations:

1) rinsing to remove adhering exhausted dye liquor and chemicals and for heavy
shades; a reductive ringath dilute alkaline sodium hydrosulfite solution may be needed to
assist removal of lightHheld pigment from théber surface,

2) oxidizing the soluble leuco form of the dye to the (insoluble) pigment form using
hydrogen peroxide and acetic acid,

3) soaping at or near the boil to remove excess pigment which alters the crystalline
nature of the dye particlésading to slight shade change, and

4) neutralizing the dyeing with acetic acid solution and final rinsing

Vat dyes are water insoluble thenmefoexcess/waste can be regarded as highly
eliminable from waste streams. Therefore it is assumed that water course contamination is
not associated with vat dyes. However, heavy metal impurities may also be present due to
production processeld65]. Vat dyes are preferred when the products require high light

fastness, for example of fabrics used for furnishing.

Acid dyes: Acid dyes generally produce bright shades with a variable degree of

fastness to washing. The struids of acid dye molecules vary greatly and include some
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metal complexes. Dyes are fixed to the protein fiber based cincstatic forces of attraction
between negatively charged dye and protonated amino groups on fibers. The degree of color
fastness,however, is also affected directly with the molecular size of the dye, due to
increased attraction between the larger dye molecules more effective are van der Waals
forces with the fiber that help hold the dye to the protein molecules in the fiber. Aamigie

of surfactants are often usedlagelingagents which may be nonionic, anionic, cationic or
amphoteric. Commercially available products contain synergistic mixtures of different types
of surfactant§177]. Recommendations pertaining to the type and nature of auxiliaries used

for improved performance are givensections 3%.6.

Chrome (mordant) dyes: The most common technique used is currently
afterchroming. Chromium (¥ is nonessential and tox[&86], its compounds are corrosive
and allergic skin reactionreadily occur following exposure, independentted dose. Short
term exposure to high levels can result in ulceration through skin contact, perforations of
respratory surfaces through inhalation and irritation of the gastrointestinal tract through
ingestion. Damage to the kidney and liver has also been rep@8¥f The aquatic
toxicology of chromium is also dependesmpon type, with chromium (lIl) being far less
biologically available and toxic than chromium (VI). Negative effects have been observed in
aquaticor gani sms exposed to dissolved chromium
Furthermore, both chromium (Ill) and chromium (VI) have been shown to accumulate in

many aquatic species, especially in botti@®ading fish, bivalves, mussels and clam8g1
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Chromium levels in dye house effluent are related to indugtraadtice. Improper application

of dichromate or incomplete reduction during dyeing could lead to the presence of chromium
(V1) salts. As the compound is water soluble it is more likely to rematerways than
chromium (lI) species which are more likely to precipitate or be absorbed into sludge. The
environmental life of chromium (VI) species is short; and instability of the oxidation state
results in rapid reductiofil65]. Low chrome and metalomplex dyes other than those

employing chromium are currently recommended for use on protein fibers.

3.3.4 Finishing

Textile finishing represents the most variable area in the production fabric process
because avide and evegrowing range of finishes is now available. These either improve
the properties of the garment, for example imparting crezsstance or provide
Aperformanceo properties, including ant i mi
undergarmentsrém developing odors. While some processes, use a number of chemical
reagents that may still need to be further examined, in the finishing processes highlighted
below ingredients and applications processes are considered to be environmentally benign

[47,165].

3.3.4.1Insectresist treatments (motproofing)

Various chemicals have been applied to wool to control larval attack, but

considerable environmental restrictions have been placed on the type of agent that may be
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employed. Insectesist (IR) agents need to be applicablenany different processes and to

be resistant to hydrolysis in boiling dyebaths. On the treated wool, they should exhibit
adequate stability to washing and light. For carjpetse main product areathese fastness
requirements are modest, but for those product areas where high fastness requirements exist
(such as machineashable wool), an excess of IR agent must be applied, in order to
compensate for subsequent losses. Modern IR agents fall intategooes: those that have

been developed specifically as IR agents for wool and have no uses in other fields, and those
that are formulations of agricultural pesticides specially designed for wool textile application.
Most of the members of the former g presently available are anionic polychlorinated
aromatic compounds. Members of the latter group are based on synthetic pyrethroid
insecticides. It is probable that both cl ass:s
the digestive tract, sinamothproofed wool has no insecticidal activity towards species that

do not ingest the fiber. New developments in IR agents for wool are likely to follow
developments in pesticide chemistry in the agrochemical industry due to larger market

[47,165].

3.3.4.2Flame-retardant treatments (flamgroofing)

The wool fiber under most conditions may be regarded as reasonably resistant to
burning, because of its high nitrogen content. However, for some markets, wool may require
furtherchemical treatment to enhance its flame retardance.

Increasing the value and versatility of domestic wool would benefit the U.S. sheep
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industry, which produces about 40 million pounds of ra@omper year. In addition, U.S.
consumers, including the U.8&iilitary and many lawenforcement agencies, are required to
use domestic wool in their uniforms and equipmd®9. The ERRC has patented a heat
resistant material that can be incorporated wémlenand other fabrics to match the flame
resistance of comer ci al firefightersd wunifor ms, at
means of offering U.S. troops protection againstr@lated injuries. This is currently as one

of the largest markets for domestic wool in the U.S. The biopolished wool, desnribed
shrinkresist treatments section below, can be used to improve flamearetardf the
substrate by treatment with a heasistant, stable, easy to process, and highly temperature
tolerant polymer. This avoids the use of heavy metal zirconium, ussiia FR treatments,
which can present a health hazard during processing. While natural, synthetic, and blended
fibers can be treated with the polymer, wool has been found to be particularly suitable
because of its innate fire resistance. Early tests siatv the burningbehaviorof the
polymertreated wool compares to a 50/50 blend of wool and Nomex, which is the fabric
currently used in protective fikghting gear [B0,191].

One of the most successful methods has been to employ fluoro complexeswhtitan
and zirconium, especially hexafluorotitanate and hexafluorozirconate. As potassium salts,
these complex anions are readily adsorbed by wool fiber from aqueous solutions. This is
conveniently carried out by the dyer as an afteatment following dyeig. Usually the pH
is reduced to 3.0, potassium hexafluorozirconate (about 8% o.m.f.) is added and the bath is

run for 30 minutes at 600C. Although the titanium completightty more effective than its
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zirconium counterpart, it tends to give slight geling. The hexafluorozirconate is thus
usually preferred, except in the case of dark shades. A further variant of the Zirpro treatment
incorporates tetrabromophthalic acid to ensure that treated products have very short or zero
afterflaming times. This tegment can also be beneficial if a fabric contains a synthetic fiber,

has a shrinkesist finish or has to be neutralized,[L65].

3.3.4.3Anti-setting agents

Permanent setting is a factor leading to loss in wool fiber strength during dyeing. It is
alsothereaso f or surface marks such as O6crows®o
reduced bulk or yarn leanness following package dyeing. Aside from these wholly negative
effects, permanent setting can sometimes be seen as beneficial; examples includeghe settin
of wool yarn in hank form when using hank dyeing machines: this gives extra bulk and
resilience to yarns and explains why this dyeing route remains popular for the production of
wool carpets. It is necessary to summarize the various chemistries inuobledproduction
of permanent set in wool dyeing. The control of setting in dyeing can be achieved by the
addition of chemicals which scavenge hydrosulfide anions as they are liberated, or which
rapidly modify free cystine thiol residues to prevent thmielation reaction; in practice, this
can be achieved in two ways:

(1) Inclusion of oxidants in the dyebath.

(2) Inclusion of fibersubstantive electrophiles in the dyebath.
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It is thus important to measure set followingethg, and most of the published
research in this area uses KBpkeds Crease A
dyeings of wool fabric in pH 5 buffer for 1 hour at the boil, without-agtting agent
present, give set valuesB¥0%, whereas including an effective asgittingagent gives a set

value ofD30% [47,165].

3.3.4.4Shrink-resist treatments (machineashable wools, especially for wool knitwear

industry)

A shrink resist treatment called Abiopol.
silky-smooth was developed by reseamshat the United States Agricultural Research
Service Eastern Regional Research Centre (ERRC). The process is claimed also to bleach the
wool to a high level of whiteness and alter the surface of wool fibers to make them shrink
proof. The process involveg/o steps. First, activated peroxide bleach is used to whiten the
wool fibers and remove the protective lipid barrier that surrounds them. This step bleaches
the wool at lower temperatures and in half the time needed for conventional techniques, with
a rediction in associated processing costs. Because the lipid layer is removed, the peroxide
treatment also makes the fibers more receptive to dyes. The second step involves an
enzymatic treatment which can render wool mackmashable. The surface of a wodidr is
covered with microscopic scales, somewhat like the scales on a fish or overlapping tiles on a
roof. Wool fabric shrinks during machingashing because repeated agitation and

compression causes the scales to slide over one another and becomenqaked.iThe
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enzyme treat ment Adi gestso the protein in t
overall profile and cannot become locked together. Thisralsnshrinkage without loss of
strength or elastic recovery. The same lipid layer that makes resistant to dye uptake
would usually protect the scales against such an enzyme attack. However, the bleaching step
removes that protection. The biopolished wool has military applications especially for the
manufacture of underwear for the troopsderwear garments currently used by the military
contain synthetic fibers that can burn and melt into wounds during combat situations. In the
case of wool, however, flames are seitinguished and ash is dissipated. Licenses for the
process have been fildy the ARS Office of Technology Transfer and mill trials are under
way specifically to meet military needs P19

Another proposed method for wool shrinke si st ant treatments 1is
wool. The term comes from a performance standard devedlopeghe 1960s by the
Il nternati onal Wo o | Secretariat. Wo o | was C
machinewashed and flatlried. The term is now applied to the process itself versus the
performance of the resulting garments. Today the Superwastastl has been superseded
by ATot al Easy Care, 0 indicating that a gar
dried on | ow settings. Todayods Superwash [
expose wool fibers to a mild chlorine solution fovexy short time. Chlorine exposure is
followed by rinsing, application of a polymer resin and drying. Chlorine exposure removes
the protective outer layer from the wool fiber and smoothes the scale structure. Application

of the polymer resin further smdw@ts the treated fiber which significantly reduces felting
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shrinkage caused by the interlocking-twf wool
skin product that does not shrink when washed and dsed unormal laundry techniques.
The process iapplied to a sliver of wool top, which is created after the combing process.
The effluent from the Superwash process is then treated. This process improves the range of,
and demand for, woddased products. The military is one of the main market sectors f
such products @3] . As Superwash wool I's a fAchlorinat
in the U.S. Therefore, Superwash wool is more expensive than biopolished wool as it needs
to be imported from countries with less strict environmental regulatibms biopolishing
process uses less harsh chemicals, lower temperatures, and shorter processing times. Hence,
it is a more environmentally friendly process and cheaper than Superwash 9&pol [1

In general, however, chlorination treatments which prefedhihg are still the basis
of the most popular shrink resist industrial processes. Acid chlorination processes are
preferred to alkaline systems as they have a minimal effect on handle, improve luster and do
not overtly yellow the wool. To date, the mamiccessful process for producing truly
machinewashable wool is the chlorinatibresin system. It appears that the initial surface
oxidation procedure, whether with chlorine or perts@ged chemistry, is mainly responsible
for imparting shrink resistancdyut the effect at that stage will not withstand repeated
washing and needs to be reinforced by dfteatment with polycations. Surface oxidation
converts many of the cuticular disulphides to sulfonic acids (cysteic acid residues). These
residues are higy waterattracting, thus increasing the aqueous swelling potential of the

surface proteins, altering both the physical nature (softening) and the shape of the scales.
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Chlorination resin treatments are commonly carried out continuously on wool in top form
although there is also significant production in garment form. The commonest resin
employed is Hercosett 125 (Hercules), a watduble, cationic polyamidepichlorohydrin
polymer that has substantivity for anionic surfaces such as those producesramathg

wool. This resin contains the azetidinium cation, which is reactive to a variety of
nucleophiles; such reactions lead to resin insolubilisation, probably by the formation of
relatively few crosslinks between the azetidinium group and secondamyg aesidues in the
polymer itself. Additionally, covalent bonding to the wool surface through reaction with

cysteinyl thiol groups is likely47].

3.3.4.5Waterrepellent finishes

Paraffin wax based methods have been used for a large number of years. These are
applied in combination with aluminum or zirconium salts, and generally exhibit lower
toxicity than many other metals. It is noted that high levels of VOCs are, however, released
during heat treatments. Fluoropolymer based products are repellent to botld eater.
Shortchain fluorinated compounds, the building blocks of finishes, have attracted much
concern due to their proliferation throughout the environnj#84,195|. The substance

persist due to the inherent strength of carboarine bondg47,165].
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3.3.4.6Bactericidal and fungicidal agents

The application of antibacterial products is increasing in textiles. In apparel, triclosan
has been onef the most commonly applied compounjd96,197. The substance has raised
concerns amongst dermatologists due to potential risks to the natural fauna of the skin.
Substitution of antibacterial components may involve the use of nanofinishes such as
nanodver, or a consideration of changes in consupraictice, i.e. substitution of infrequent

washing with more frequent wasHa$5], and the treatment of nanofinishes

3.4Developments in the processing and applications pfotein fibers

3.4.1 Wool

Wool is used widely in three main sectors: apparel, interior textiles and technical
textiles. In the apparel sector wool is used for the production of suits, jackets, pullovers,
coats, socks, sportswear, skiwear, active wear, thermdgrwear, scarves, gloves, hats,
waterproof fabrics, shoes, children wear, hand knitting, kilts, etc. In the interior textiles
sector wool is used in duvets, mattresses, pillows, blankets, upholstery, tapestries, lamp
covers, chairs, rugs, bedspreads, sofielts, carpets, tablecloths, wall coverings, futons, etc.
Wool has also been used in the technical textiles sector, for example in aircraft interiors, air
conditioning, bandages, fireproof wear, filtration, police uniforms, military uniforms, thermal
insulation, second skin injury prevention, sound insulation, sound vibration control, piano

felts, automotive composites, roof insulation, dust and chemical odor filters, billiard covers
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and tennis balls. Other than the finishing processes highlighsedtion 2.4.4, the following

specific examples are noteworthy developments in the processing of proteinfé@$rs [

3.4.1.1Biomedical applications of wool

The inherent properties of wool such as its excellent insulating properties, resilience
to applied pressuravicking moisture, as well as its naturally ralfergenic nature makes it
suitable for use in medical applications. The overall high extensibility of wool, its natural
waviness and ability in fabric form to trap air has a coordinated effect of comfidrt an
warmth, which also make it an ideal insulating material. The sophisticated dual morphology
of wool produces the characteristic crimp which has also been an inspiration for the
development of some highly technical synthetic fibers. The fiber thus etjey®ltowing

applications in the medical field:

Wool wax Lanolin, also called wool wax or wool grease, is one of thprbgucts of
wool processing. It is secreted by the sebaceous glands ofb@aonhg animals. Medical
grade lanolin is used as a creamsbothe skin, as it is hypoallergenic and bacteriostatic. In
this form it is used by some breast feeding mothers on sore and cracked nipples. This grade
of lanolin can also be used to treat chapped lips, diaper rash, dry skin, itchy skin, rough feet,
minor cuts, minor burns and skin abrasions. Many varieties of shaving cream contain lanolin.
As an ointment base, it is readily absorbed through skin, facilitating absorption of the

medicinal chemicals it carries. Some folk medicine traditions use lanole inase, in small
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amounts, to treat head colds.

Bedsore & pressure sore preventidhe dense 30 mm wool pile medical sheepskins
provide an interface between the patient and the bed that reduces pressure, friction and skin
moisture, the primary causes pfessure or bed sores. The sheepskins are extremely

comfortable, urine resistant (UR) while providing pressure relief and preventing bedsores.

Wool pile (nursing fleeceNursing fleeces are cheaper alternatives to sheepskin and

have a number of advantsy They are made from very fine sheared wool and provide the
benefit of wool without size restrictions. Machine washable nursing fleeces are easy to wash

and can be dried quickly.

Wool Pillows Wool and its blends can be used in pillows. Woolen pillowsodb

body moisture and reduce neck stiffness.

Medical Sheepskin FootweaN ool can be used in medical footwear. The sides and

back wrap of the footwear are made of the high density woolen fleece and are held in place

by Velcro. The foot is placed on theegpskin sole.

Foot care:Very fine combed wool can be used around toes to reduce pressure,
improve comfort and to cushion toes from corns and shoe pressure. It can also be used in toes

of ballet shoes and is ideal for diabetic foot dags].

112



If, protein substrates that are specifically desyrfor biomedical applications,
require coloration in some form, they will often be colored based on conventional methods
but in specific production lines that provide direcontrol over the amount and type of
ingredients used. Some processes have reported the use of polymers such as chitosan to

improve the dyeability of the acrylated wool substrat@8][1

3.4.1.2Wool nonwoven composites

To make wool nonwoven composites, woolpi®cessed through neegdenching,
stitch-bonding or chemicabonding technologies. Nonwovens made from wool are used in
gectextiles, acoustic barrier fabrics, grass strike fabrics, absorbent pads, vibration damping

pads and oil clean up materiaZ0[j.

3.4.2 Silk

Silk has been transformed in recent decades from the apparel and furnishing textile
world to a fiber with a growing web of higechnology applications. Fundamental
discoveries into how silk fibers are made have provided the basis for a new genefatio
applications, from medical devices and drug delivery to electronics. Techniques for
reproducing natural silk protein in the laboratory continue to advance. Silks are also being
cloned and expressed in a variety of hosts, including E. coli bactengi, folants and

mammals, and through transgenic silkwoif2@l].
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3.4.2.1Silk nonwovens

Silk nonwoven fabrics can be developed from silk reeling waste and hard waste

generated during twisting and weaving on shdéslooms. In the process of conversion of

cocoon to fabric, about 4000 million tons of silk waste of different forms is generated
annually in India alone. This waste is used for manufacture of spun silk yarn, noil yarn,
throwster yarn, and carpet yarn, ioes hanespun yarn. The hard waste generated, to the
extent of 300 million tons in silk twisting and weaving is not used for any value added
purpose except in manufacture of coarser yarn for carpets. Other wastes like pierced and cut
cocoons can also beused. The web formation by the-&id method and bonding by
chemical/needle punching may be attempted for production efvoeern webs. Nomwoven

fabrics of specific weight can be produced for various applications including technical and
medical textils. They can also be used as an inner lining for warm garments, blankets,

carpets, wall coverings, and automotive carpeting and insul[@@dh

3.4.2.2Fluorescent silks

The worl dés first sindéatser poxebéringopropertiasgveré | uor
successfully developed as a result of transgenic silkworm research conducted by Japanese
researcher$201]. Three lines of transgenic silkworm have been developed. The fiest li
produces silk threads that emit green, red or orange fluorescent light. These threads were

created by introducing genes into silkworm eggs that promote the generation of fluorescent
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proteins. The green fluorescent color is achieved using genes extiractegkllyfish, and

red and orange fluorescent color are achieved using genes extracted from coral, a technique
that has already been used in commercial applications. The fluorescent silk threads have
great potential for use in the higind apparel fashioindugry. The Institute of Materials
Research and Engineering (IMRE) in Singapore reported on silkworms that produce
vibrantly colored and luminescent silks. The resulting fiber offers an inexpensive method to
circumvent the dyeing process as well agitng potential medical applicatioi203. In this

method silkworms are fed with a mulberry mixture containing fluorescent dye(s) in the last 4
days of the larva stage, resulting in harvesting brightly cdlaral luminescent silk. The dye
molecules are ingrained within the silk filaments to create permanent color. The resulting
colored cocoon can then be harvested and processed using normal processes. This process
may be considered a sustainable method aistréal coloration of silk due to reducing the

vast amounts of water and dyes used in the labor intensive conventional dyeing process. The
technology is claimed to be simple and low cost allowing it to be translated to an industrial
scale. Industrial trigl are underway to examine the feasibility of the process. It is envisaged
that silk with antibacterial, antcoagulant, and antnflammatory properties, for use in
wound dressing or even as biomedical frameworks for repairing damaged tissues, could also
be generated. Silk wound dressings could also be created that have compounds with
monitoring or sensing capabilitig201]. Fluorescent silk is often not subjected to the
conventional coloration process. In thengentional dyeing of silk with fluorescent dyes,

0.30.8%o0.w.f. of dye is dissolved in water and the coloration is carried out-4030D for
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45-60 minutes.

3.4.2.3Biomedical applications of silk

Silkk fibers have long been used as sutures, given their higtiletestrength,
controllable biodegradabilitthemostatiqroperties, nostyto toxicity, low antigenicity, and
nonrinflammatory characteristic203-205. The abilty to control molecular structure and
morphology through processing and surface modification options has expanded the use of
silk in a wide range of medical applicatidz9q .

Sutures and wound healing: morisilk has been used as biomedical suture material

in sutures for wound ligation, surpassinglagén over the past 100 ye4?%]. The unique
mechanical properties of these fibers provide important clinical reptons. Silk sutures

are also used in ocular, neural, and cardiovascular surgery. The strength, handling
characteristics, and the ability to rest close to the tissue surface make silk a popular suture in
cardiovascular applications. However, silk sutureskaown to have undesirable in vivo loss

of tensile strength and somewhat higher tissue reactions as weHgaswth of tissues.
Various types of surface treatments are used to render sitcapifary, serum proof, or
resistant to the hgrowth of tisues. Wax or silicone has been used as the coating material.
Tissue ingrowth is prevented by encasing the twisted silk fibers in aabsorbing coating

of tanned gelatin or other protein substances. Silk has also been used in wound healing. A
membrane amposed of sericin and fibroin is an effective substrate for the proliferation of

adherent animal cells and can be used as a substitute for collagen. A noveldnesive
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polymer has been prepared by template polymerization of acrylic acid in the pretsitice
sericin[207]. Silk protein can be made into a biomaterial with anticoagulant properties, by a
sulfonation treatment of sericin and fibr¢201].

Tissue engineeng: Silk fibroin in various formats (films, fibers, nets, meshes,

membranes, yarns, and sponges) has been shown to suppecebtadinesion, proliferation

and differentiationin vitro and promote tissue repair vivo. In particular, stencell-based

tissue engineering using 3D silk fibroin scaffolds has expanded the use diasekl
biomaterials as promising scaffolds for engineering a range of skeletal tissues like bone,
ligament, and cartilage, as well as connective tissues like[8Ri . Silk fibroin fibers
exhibit comparable biocompatibilityn vitro and in vivo with other commonly used
biomaterials such as polylactic acid and collaf#). Fibroin hydrogels haabeen proposed

as scaffolds able to promote in situ bone regener§ias).

Drug delivery: The applicability of fibroin, a major silk protein, to control release
type dosage tablets, has been investigatedtro and in vivo. Sulfated silk fibroins have
antiHIV-1 activity in vitro, apparently due to interference with the adsorption of virus
particles to CD4+ cells, which completely block virus binding to the cells at a concentration
of 10 0[26GL,210].mL

The majority of silkbased materials used for drug delivery or in vivo applications do
not require coloration. If, silk substrates that are specifically designed for biomedical
applications requirecoloration in some form, they will often be colored based on

conventional methods but in specific sterile production lines that provide direct control over
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the amount and type of ingredients used.

3.4.2.4Silk fiber-reinforced composites

A major part of recent search efforts on natural fiber composites has been directed
towards fiber surface modification and/or matrix adjustments to improve their mutual
compatibility or on moisture absorption to enhance mechanical properties of the resultant
composite materialsmodelling of the properties of composites with natural fiber
reinforcement, and the creation of fully biodegradable natural-fdeforced composites

using bioplastics as matrix materiall]l].

Silk fibers can be dissolved in aqueous system and theoepsed through
electrospinning process to form an electrospun composite honwoven. The electrospun silk
nonwovens have high strength, good oxygen permeability, water vapor permeability and
biodegradability. The regenerated electrospun silk fibers havewasicrosssectional shape
and can be treated with silver nanoparticles to enhance their antimicrobial prof@es [

Silk fibers can be incorporated as reinforcements into thermoplastic matrices to create
composite materials with a high strain to diad rate. Silk yarn is easily available as a waste
product from textile processing, making silk fikreinforced composites environmentally
friendly and cost effective. Incorporating silk fibers into biopolymer matrices, such as epoxy
resins, prr eo e ru-@omositea Noded showilk fiber-reinforced polybutylene

succinate (PBS) biwomposites can be prepared with varying fiber contents by a
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compression molding method. The tensile and flexural properties of PBS matrix resin
improve significantlyby increasing the short fiber contein the composites, showing a

maximum value at a fiber loading of 50 w{201].

3.5Key variables in the control of color in the dyeing of protein fibers

The objective of dyeingsito produce uniformbgolored substrates that match a-pre
selected color. As the production of dyed protein goods involves many processes, many
variables can affect the appearance of final shade including texture, construction of the
substrate (chemicahd physical), prareatment processes prior to dyeing, and-pesitment
processes after the dyeing procg&%34. In this study a fishbone diagram (also known as
the causendeffect, or Ishikawa diagram) wassed to systematically list possible causes
that can contribute to problems in dyeing of protein fibers. This was used as an aid to identify
the root causes of dyeing problep242-214]. Such a diagram can also be used to improve
dye-house productivity and enhance the successful application of color on protein substrates.
Key variables affecting the success of the dyeing process for protein substrates are

categorzed in the fishbone diagram shown in FigBr&.
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The diagrams composed of six major categories usihg6Ms method 215] which
are Human factors (Manpower), Materials, Methods, Measurements, Machines, and Natural

Resources (Mother Nature). Details of each categgiscussedn the followingsections.

3.5.1 Human factors

The human factor is considered to be the most itapb set of parameters affecting
the control of dyeing due to the fact that the textile industry is a-iabemsive industry
[216]. Human factor variables affecting the control of color in the dyeing of préitegrs are
shown in Figure8.4. The human factor is not only considered to be the main cause of dyeing
problems, but also perceived to be a major cause of incidents and accidentq 2is/jyelhd
isoftenct ed as the fAhuman er r[@18228)rThekelisabetiefthat A h un
humans are unreliable and a solution to this ish@ange the personnel or alter their role in

the systenj223].
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The reliability of the human element must be considered in thealb\prediction of
syst emos [22427%5]) othérwide ia trye picture of the system could not be depicted
[226,227]. Four main sub categories of the human factor are described in the following

sections.
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3.5.1.1Training

Standard operating procedures (SOP)

A standard operating procedure (SOP) is a detailed set of written instructions on how
a policy is to be implemented. SOP stawddags the process and provides individuals with
information to perform the task properly in a consistent manner. It minimizes opportunities
for miscommunication and can address safety concerns. It provides details on how the
regular work processes are te tonducted within an organization as well as foundations for
job descriptions, employee training, corrective action and discipline, and performance review
[228]. A current version of the SOP needs to be readily aduesfor reference in the work
place, either in hard copy or electronic format. If the SOP is not written correctly, it is of
limited value. However, the best written SOPs will also serve little purpose if they are not
followed. Therefore, the use of S@Beds to be reviewed and reinforced by management or
the direct supervisof229]. Main topics that should be mentioned onPS@r textile

manufacturing are:

1 Chemical handling

Details that should beslied include usage of the chemical (purpose), physical and
chemical properties/definition of chemical group, potential hazards/toxicity, target organs,
other hazards, potential health effects, personal protective equipment (PPE), engineering

controls, firg aid procedures, special handling and storage requirements, spill and accident
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procedure, medical emergency contact, decontamination/waste disposal procedure, material

safety data sheet (MSDS) location, protocol/procedure, and documentation of training.

1 Equipment

With increasedutilization of automaeéd machineryin the textile industry, it is
important for all operatorsvolved in various processé&s haveadequatéraining onthe use
and operation of suchachinesOperatorsneed to understand complex chanery and be
able to diagnose probleni230]. Machine operators usually are trained on the job by more
experienced employees or by machinery manufacturers' representatives. Operators begin with
simple tasks and aresagned more difficult operations as they gain experience. In addition,
the trends toward crodgmining of operators and working in teams will increase the time

needed to become fully trained on all machi234-233].

1 Testing protocols

Test methods should be considered in relation to standards and application to ensure
the endproducts meet the required and acceptable characteristics in use. There are standard
test methoddor textiles for the assessment of the physical, mechanical, and chemical
properties of textiles, which may be yarns or fabrics, as well as the natural andatdan
fibers that constitute them. For example, the American Society for Testing and Materials

(ASTM) [234] publishes a book of its textile standards and test methods; the American
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Association of Textile Chemists and Colourists (AATJE}5] also publishean annual
technical manual which includes a number of test methods; the Bureau International pour la
Standardisation delSibers Atrtificielles (BISFA) [236] hastest methods for syhetic fibers

and yarns,the International Wool Textile OrganizatiodWTO) [237] has a set otest
methods fotestingwool (in aring binder),the British Standard Institution (BSI) has a set of
methods for physical testing of textiles3dd, the Centexbel (CEN) has operated on all
textile-related standards 38|, andother associations includaternationalOrganization for
Standardization (ISO) [240], and European Disposables and Nonwovens Association

(EDANA) [241] whichrecommendtest methods for nonwovens

3.5.1.2Safety

One of many accident causation theories is the human factor theory, isbabed
on the assumption that accidents occur due to a chain of events caused by human error. Three
main factors that cause human error in safety2i@ 242,243]:

Overload: hi s factor is concerned with an i mbeze
any time and the load he/she is carrying in a given state. The capacity of a person is the
product of many factors including fatigy244,245], stress, natural ability, state of mind,
degree of training, and physical condition. The loadthe tasks which he/she has
responsibility to do along with additional factors as environment (noise and distractions),
situational (unaar instructions and level of risk), and interfattors (worry, emotional

stress, and personal problerfia6,246,247].
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Inappropriate response/incompatibility: Exalesincluderemovng a safeguard from
a machine to improve output, deiagta hazardous condition bahking no appropriate
corrective measure, and disregagthe recommended safetglated procedurd226,248].
Inappropriate activities: This factor is concerned with inappropriate activities due to
human error, such as misjudg the degree of risk involved in a specified task and then

carrying out the taskasedn thatmisjudgmen{224,226,249].

3.5.1.3Corporate culture

Corporate culture generally refers to the environment or personality of an
organization with al/|l It s muda itfhaicreg £ da rda umred

with an aura of its own, [2E)ch | i ke an indivi

Culture is individuals in a group sharing patterns of behaviois ihnot absolute
because culture is relative. It lexfts the way the organization is structured, how the
hierarchical levels are set up, the line of communication established between management
and departmental employees, and rules governing acceptable employee conduct, etc

[251,252].

3.5.2 Materials

Materialsinclude the dyed substrats, thereforethis factor has four maisubarms

based orfour main physical forms of the substrate, itier, yarn, fabric, and garment.
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Material varialtes in the control of color in the dyeing of protein fibers are shown in Figure

3.5.
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Figure 3.5Material variables in the control of color

As most animals besides sheep live in extreme climates, they develop two distinctly
different coats; an outer coat which is a coarse medullated guard hair, and an inner coat
which is a finer, short down hdi@1]. These fibers belong to the same protein (keratin) fibers
as sheep wool. Although e¢ir morphological fine structuras well assurface structure

differs, it is not easy to differentiateetweenthem chemically{86]. These hair fibers are
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mostly processed, dyed, and finished using similar machito those usedior wool, but the
settings and conditions (such as dyeing, finishing recipes, etc.) are adjusted to suit the

specific characteristics (length, fineness) of each {®&i73].

In yarn form, variations in tension can produce deformation during yarn production.
Winding density is oneof the most important facteraffecing the quality of the dyed
package . Several other parameterghat also affect the quality gfarn dyeing includeyarn
twist, defects, variatiain count/ply number, cross section, absorbaasewell adly fiber

(contamination]89].

3.5.3 Methods

The tiree main steps in textile wet processing arepamagion dyeing and finishing.
Method variables in the control of color in the dyeing process of protein fibershown in

Figure 3.6.

128



Methods

Parameters
Dye solubility

Parameters

Chemical \q— Time (¢ Dyetypes

e amount .
Ingredients Dy Dyeing rates
Temperature Dye build up I
. pH Compatibilit
Preparation : Dye P y
Scouring Dl\igummzlgtg' [fnetratpn Auxiliaries
F’eez'”9 égﬁgling on ggregation Temperature
Potting Carbonization Time @ Liquor ratio
Bleaching Process \ Dyeing
. Batch
Parameters\e  aolingrate\  Machines
Pressure Moisture Qontinuous
content . .
T|rnfa «— Temperatur Semi continuous
_ Humidity Process
Fnishing ,i edaa
N memicﬂ Human Factors
Auxiliaries Process

Figure 3.6 Method variables in the control of color

Protein fibers prior to scouring contain a highcamt of nonrfibrous impurities,
about 3070% for wool and 180% for silk. These fibers are very sensitive to alkali and are
damaged quickly by alkaline wet treatment at high temperature. Hence to clean these fibers
scouring with soap or detergent at loewmiperature with little to no alkali is carried out. The

treatment time is also not as long when compared to cellulosic fibers.

3.5.3.1Scouring

There are two types of nonionic detergents that are mostly used for the scouring of

protein fibers. These are alkylpleénethoxylates (highly effective but not readily
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biodegradable and with usage restrictions in some countries because of environmental
concerns), and fatty alcohol ethoxylates (which are more environmemmtatigly) [154].

Sodium carbonate (soda ash) is the most common builder used althodigim
chloride and sodium swte arealso sometimes used. The purpose of the builder is to
facilitate contaminant removal especially when the immersion time is shortpé stabilize
the emulsifiedvool greasend dirt, and preventtgeposition back onto the wodl54].

Idealy waterof high quality with zero hardnesshould be usetlecause the presence
of multi-valent cations,such as calcium and magnesium causedep®msition of fiber
contaminant$154].

Squeeze rollerare critical to the efficiency in removal of contaminants from wool.
The contaminated liquid (water) carries the wgeease/suint/dirt which is removed/held
back in the bowl by the squeeze rollers. Treolmat is subjected to hydrodynamic forces
uponenteing the nip of the squeeze rollers, which are efficient at removing greasend
suint from the wool fibers, luless efficient in removing dirtThe squeezeoller also
minimizesthe carryover contaminants to the next bowl in the scouring line. Squeeze rollers
of the last bowl in the scouring lireeevery important, becaugbeyreduce the regain of the
wool enteing the dryerthus reducingenergy usage ithermaldryer. The squeeze efficiency
is dependent upon treownforce on topf theroller, and the viscosity of the liquid to be
removed Increase in temperature decreases the viscosity of the liquid, whitlrrin
facilitates liquid removal from the nip of the rollefithe final bowl is expected to be aiid

due to insect resisir carbonizingreatmentshatmayhavebeenapplied. The regain of wool
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from squeeze rollers is between-500% depending on the effency of squeezing. The
main factors affecting the result are the liquor temperature, the downforce on the top roller,
the type and condition of the lapping on the top roller, and the evenness of wool flow through
the rollerg[154].

The emperaturas usually setwithin a rangeof 50-65¢C, and inalkaline scouring
conditiors thetemperatures set tdess than 58 [154]. The ate of detergent usage depends
on the type of wool, but should be less than 9 liters/tdrgreasy weight for Merino was

and less than 3 liters/ton for crossbred w@btsl].

Different methods of scourirgre briefly described in the following sections.

Emulsion scouring

The most common method is emulsion scouring, where raslswaoeimmersed ina
solution containin@-4% detergent or oleate soap and 2% sodium carbonate5ab5¢a€Ca
liquor pH of 10 for 1815 minutes. If sdhted alcohol@reused in the absence of alkali, the
temperature maperaisadt o  742]e Enulson scouring with soap is the most common
method of cleaning loose woalZ).

Suint scouring

Raw wool i s st eep etdenthetiguawia witbdrawraand claifiedC a n d
by sedimentation or centrifuginghe pH of the suint liquor ismaintained a6.5-8.8. For

removal of waxthe siint liquor should béneatedat 6 0 gc@using the wax to be emulsified
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The material is therrinsed, washedwith soap and finally rinse in the subsequent bowl
[33,34.

Solventextraction

Scouring based on the use of solvents was commercially developed in Belgium and
USA and resulted in removal of up to 90% of wool wax. However, the process was
expensive and from an environmental perspective questionable, despite the face that th
treated substrates exhibited reduced felting and entanglement. Benzene, solvent naphtha,
white spirit, carbon tetrachloride, and trichloroethane were used as solvents. However, a
number of such solvents including benzene and carbontetrachloride arenoow to be
carcinogenic and toxic and although trichloroethylene, and perchloro ethylene have been
used as alternatives, their toxicity has also come into question. About 45% of solvent content
is removed by passing through the rollers, and a further 30Pémoved by centrifuging.
Finally the residual solvent is removed by blowing with hot air. Solvents can be recycled and
reused [3,34,2,47]. Only if high levels of solvent recovery are achieved can solvent
scouring be considered to result in reducedirenmental pollution; a system based on
hexane (de Smet process) and another using-ttidhloroethane (Toa/Asohi process) have
been in commercial operation in Taiwan and Jdg@h

Freezing (refrigeration process)

This method results in partial cleaning and thus is followed by scouring. Raw wool is
first exposed to a low temperature of abed® to -45°C at which temperature range the

vegetable matter (VM) becomes hard and britilg, wool fibers are not affected. Vigorous
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agitation of frozen fibers results in breaking up the frozen grease into fine powder which falls
away together with vegetable matter. If VM is sufficiently removed during this treatment,
carbonization may not beenessary33,34,4,47).

At present, wool scouring is most economically done with-ioarc detergents. A
small amount of alkali may be beneficial for scouring, but no free alkali sheuldft on
wool at the end of scouring. Both neutral and alkaline aqueous scouring systems based on
nonionic surfactants are currently used. In alkaline aqueous scouring systems, which are the
more usual, sodium carbonate is employed as a builder to immmase removal and
prevent redeposition. While scouring of wool fibers is a common procedure, an additional
mild scouring of yarn or fabric is necessary to remove residual impurities such as oils or
lubricants which are added during spinning, knitting,weaving processes. Preparatory
processes are needed before scouring wool yarns and fabrics. In the case of wool yarns,
fibers are also set. For woolen fabrics, crabbing and potting processes are needed which
confer surface stability to wool fabrics. Rog also gives wool fibers a soft hand and bright
finish but steaming at high temperatures tends to make the wool |8B®4,42,47].

For some of the protein fibers, such as camel, iag&r main finishing process that is
different from wool (sheep) processing is the dehairing process, which is a method to sort out
between fine down hair and coarse guard haiafomals with two double coats]]L In fact
in the case of cashmere dehagyiis very important and has a major impact on the quality,
price (value), and the processing of the fil8B[]. Also for guanaco, the shorn hair needs to

be dehaired but this is mainly processed on the worste@systhile some are processed on
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the walen system [33]. The processing of camel hair and cashmere are similar and consist
of sorting, willowing (removing dirt, dust, and plant materials), washing (scouring),
dehairing, spinning, fabric formation (knitting and weaving), dyeing and finishiogdin§g
involves grouping the fibers based on color, and age of the animal, and visually separating
coarse hair from the fine hair. A mechanical dehairing process may also be needed after
scouring. Because the camel hair has various shades of grey or tirewieaching process

is often employed to decrease its natural coloration. The down hair in this case is reddish
brown, reacting to chemicals very much like mohair and cashmere, using either oxidative or
reductive processes or a combination of both. Coniynthe treatment involves the use of
ferrous salts (mordanting) followed by rinsing and bleaching with hydrogen peroxide. Alpaca
fibers are also commonly bleached. It has been shown that the ferrous mordanting process
can be improved by removing the afteeatment with the reducing agent to overcome
discoloration problems and excessive fiber damage associated with iron dep8gitidimé
process uses a mixture of thiourea and hydrogen peroxide and produces thiourea dioxide
which is an effective reduaginagent when applied during mordanting and allows for a
reduction in mordanting temperatu3].

Scouring is a critical process in mohair production, and often it is at this stage that the
ultimate state of the finished article is decided. Mohair is igdiyamore sensitive than wool,
therefore less or even no sodium carbonate (alkali) should be used during scouring and the
current preferred process is based on the use of nonionic detergeljtBgfore scouring,

opening of bales helps clean the fibéree treatment conditions must be gentler than those
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for wool with lower scouring rates, and pH must be strictly controb&}l Excess alkali in

the fiber can cause discoloration in dyeing. Residual grease content -6f3%2is
recommended for the wdesl and 0.790.9% for woolen system processing prior to carding.
Mohair with vegetable matter more than 3% is normally carbonized. The bulk of mohair is
processed on the continental or -@gmbed system. The French system of drafting and
combing involves cmbing, intersecting, gilling, and double apron drafting (drawing). It is
possible to use either flyer (twisted) roving or rubbed (twistless) roving for subsequent yarn
spinning. Most shorter hair (<75 mm staple length), longer hair waste such as carbonized
noils (short fiber left over from combing wool and silk) are processed on the woolen system,
a minimum amount of vegetable matter is essential, while a staple length of genedfly 90
mm is often required for the worsted syst&T]] In the case of guako the yield in scourg

varies from about 895% [37,64].

For musk ox, the guard hair is separated and removed by hand from the fine down by
combing or plucking by hand. The soft &sil ve
April to June. Musk oxfleeces are virtually free from contamination, such as vegetable
matter and dirt, and contain very little grease (<7%) and suint. An average scouring yield is
about 93% for 3 years old and adult muask increasing only slightly with age. The fiber
bleacles and dyes well. Garments made from ramsKibers reportedly do not shrink when
washed [&0].

Vicufa is sorted by hand to remove coarse fibers, taking a week to separate 1 kg of

mixed fiber and down, and this is also followed by a dehairing processe Tdeys the
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process is done by machine. Fiber length (typicalh220nm) largely limits processing to

the woolen system only, except for fibers 35 mm in length which are processed on the
worsted system. Woolen yarn as fine as Nm25 (40 Tex) and worstecydine as Nm46

(26 Tex) have been produced from pure vicuia fiber, with manual removal of kemp and
impurities takimg place at the fabric stage [83].

Yak is hand sorted to reduce guard hair in the down, and sort fibers according to
color. Because fim yak hair is much cheaper than cashmere, it is economical to bleach it
although this tends to impair hand due to the cleavage of disulfide bonds. This shortcoming
can be largely overcome by adding a chelating agent to the treatmer@h@sh [

In certan circumstances wool (especially merino) may also be subjected a modified
mercerization process which will impart a slightly smoother surface due to partial removal of

some of the surface scale$%$2.

3.5.3.2Carbonizing

This chemicalwool fiber treatmentis ne@ssaryin the scouring processvhen the
level of vegetable matteMM) is high, or VM{free product arerequired. This process takes
advantage of the difference in chemical stability of wool keratin and VM (mainly cellulose
and lignin) towards mineral acsd The process comprised of conventional scouring,
acidification, drying, crushing, beating, neutralizing, and final drying of the produdiuigul
acid (at aconcentration rangef 4.5-7.5%, depending on the bowl temperature and tinmg), a

a wetting ageh are used to obtain maximum penetration of acid into the VM, while
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minimizing the acid content on the wool. The acid concentration in the bowl is best measured
by titration.Excess misture removal prior to drying arried out bya continuous centrifuey
after the acid squeeze roller and before the dryer-iepger. This centrifuge provides a
lower and more even regain distribution, and reduhbe degree oflossin fiber strength.
Anothermethodis to usea separate dryer and baker, the drysedfor rapid drying at low
temperature with significant heat inputs, while the bakersedfor higher temperatures but
with lower heat inputs. This provides an opportunity to redistribute the wool mat by means of
a feedhopper prior to the bak¢t54].

The dryng stage is critical in the procebscausecid hydrolysisof the wool fibers
may occur Damage can be minimized by drying at low temperatures (80) with high air
flow rates through the wool matut wool is usuallybaked ata temperaturen the rangeof
105-13CC. Baking times in industry are typical3-10 minutes depending dhe openness
of the wool matwool matthickness, througflow air velocity, andtheamount of acid othe
VM. In this process vegetable matbecomes brittle and charreahd thisfacilitatesremoval
in the crushingstage,where wool is passed between sets of pressurized rofledsthe
beating stag€dedusting)which entails mechanical action in willows or stepped opener
dusters. Most ofhe VM is removed at this stagéleutralizingis usually carried out in-%
bowls, the first bowl containswater to removeny free acid and allog/hydration ofthe
wool, the next two bolg containsodium carbonate solution to neutralize the wool (nonionic
detergents may be added as well), the last two bowls contain rinse water to remove residual

sodium carbonateOpening and dusting machines calso help remove small amounts of
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vegetale matter butireusually regarded as one of the cardstepg154].

The percent age onfwoalhioexmedted tobe 18Uhengfinersexid
the dryer. Drying represen80-60% of the heat usage atypical preparationprocess anad
future approach to save energy is to dry wool in an atmosphere of superheated steam rather
than in hot humid aithough thismay result idamagng wool fibers[154].

The convenbnal technique of wool carbonization has the following basic steps:
1. Scouring of the raw wool with nonionic detergent
2. Rinse
3. Immersion in a long bowl containing 5 to 7% (w/v) sulfuric aci®, @/l detergent at 20
30°C
4. Double squeezing and/orminuous centrifuging prior to drying
5. Drying at 6680°C to a low regain
6. Baking at 95120°C to carbonize the VM
7. Passing through heavy fluted rollers to crush the embrittled VM
8. Conveying to a rotating shaker/deaster to remove the charred VM tlus
9. Passing through a neutralizing bowl! usually containing sodium carbonate
10.Rinsing with a small addition of detergent
11.Bleaching with hydrogen peroxide at approximately pH 5 with formic acid

12.Final drying
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The production rate is usually lowptcally in the range of 50600 kg/h for an 1800
mm wide line, since sufficient time must elapse for the VM to absorb the acid from the bowl

and for subsequent baking to embrittle the acidified cellulos4.[1

3.5.3.3Dyeing

There is a range afyesavailable fo dyeing wool fibers, each wittlifferent dyeing
propertiesandvarying in terms of molecular sizendpolarity of the molecul¢256]. Most
dyes contain ionic solubilizing groups which are basethersodium s#& of either sulfnic
or carboxylic acid group$20,257]. The rumber of solubilizing groups present in the
molecule influencethe solubility, dyeing properties, and wet fastnafsthe dyed fiber Dyes
with lower relative molecular mass and high polarity have the highest migration properties,
but exhibit thelowest wet fastness propertifgs8]. The classification of yes for protein

fibersis shownin Figure 3.7154].

Acid leveling dyes

Acid leveling (or equalizing) dyes have a molecular mass around@D0The dye
molecules can diffuse into the fibers rapidly, and migrate at the boil to give a level
appearance. This class is suited for dyeing yachfabric where leveling is important, they
exhibit moderate wash fastness but do not exhibit high fastness to either hand or machine

washing. They are suitable for dyeing pale to medium depth shades on wool carpet yarn in
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hank form. Acid leveling dyes arapplied at relatively high acidic conditions with a bath pH

of 3.5 in the presence of 10% sodium sulfatt 154.

Lewveling properties

Acid
leveling
Acid
milling
After
chrome
1:1 metal
complex
Acid
super milling
1:2 metal
complex
Reactive

Processing fastness properties ———»
End user fastness properties

Figure 37. The dassification ofdyes used for dyeing @fool fibers

Acid milling dyes

Acid milling dyes havea higher molecular mass (typically 50®0) than acid
leveling dyes and exhibit improved wet fastness. This class mbibr dyeing yarn and

fabric in medium to deep shades. Their migration is lower that of leveling dyes and
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dyeings are carried out at pH54The &cellent migration propess of these dyesaredue to
the fact that their leveling properties are enhanced by the addition of cationic leveling agents.
The dyes are usually mossulfondged. Examples oyellow, red, and blue dyes comprising a

trichromat includethe Nylosan®ange Archromg [154].

Acid supermilling dyes

These are dye molecules with molecular mass of1@&@®, and with two or ore
solubilizing groups. Some dyes have additional hydrophobic alkyl chains that increase
attraction to fiber by van der Waals forces. These dyes have limited migration ability but
show extremely high wdastness and may be applied in presence of a wesltlgnic
leveling auxiliary which forms a complex withe anionic groups in dyes and reduces the
rate of dye uptake by the fiber. Yarn, fabric and garment are often dyed at pH ranfe of 4

with an acid donor such as ammonium sulfatl,259].

Acid dyes are usually sodium salts of sulfonic acals] aretherefore anionic in
agueous solution. They dye fibers with cationic sites, by usually substituted ammonium ion
groups in protein fiers which absorb acids. The acid protonates the amino group of the fiber,
hence they become catiorjg8]. Dyeing involves exchange of the anion associated with an

ammonium ion in the fiber with a dye aniontie bath (Scheme 3.1).
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Scheme 3.1

FiberNH: (s) + H" (aq) + HSQ (aq)A FiberNH3"HSOy (S)

FiberNH3*HSQy (s) + DyeSOs (aq)A FiberNHs* Dye-SOs + HSOy (s)

Mordant dyes

These may be subdivided intaepnordant, metachromeand afterchrome dyes
Mordanting with @romium produces dyes of high wet fastness and generally good light
fastness. In each case, an excess of chromium is added before, during, or after the application
of dyes. Metachrome dyes are easier to applthissprocessnvolves a singt application
procedure, but some dyeingxhibit poor rubbing fastness due to the precipitation of
complexed dyes in the dyebathhich may bedeposited on wool fiber surfaces. The
afterchrome process the most widely used becausedsults inhigh wetfastness and best
leveling properties, butyed materiad are difficult to strip or reprocess due to the stability of
dyefiber bonds[154] . In this process dyestuff is first added to the fiber and then a chrome
salt is introduced in a separate step. Chromium (VI) salts are generally used (usually

dichromate C1O;%), which are reduced to a waiasoluble Cr (1) complex (Scheme 3.2).
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Scheme 3.2

CrO7” + 14H" + 66 A 2CP* + 7TH,0

Organic acids or thioswdfe can be added to asdise reduction of dichromate to
chromic ion and ensures complete reduction to the less toxic chromiCrigil) is shown in

scheme 3.328].

Scheme 3.3

CrO7 + 14H" + 6503 A 2Cr¥* + 350¢% + 7TH0

As mention earlier in sectio®i2.3, environmental concern of chrome (mordant) dyes,
chromium (Ill) is watetinsoluble and an essential nutrient (in low doses), while chromium
(V1) is watersoluble, noressential, and toxic. Thereforalthough chrome dyes were
industry standard for certaideep, dullshades, regulations pertaining to the presence of
heavy metals and the aquatic toxicity associated with chromium in effluent, have resulted in
a significant reductionin the use ofchromedyes in industry.Low chrome and metal
complex dyes other than those employing chromium are currently recommended for use on
protein fibers.

1 1:1 Metal complex dyes
The original type is a dye molecule forming a complex witlhetal atom such as

chromium,in a 1:1 ratio. This class of dye has good leveling properiieyeng wool ata
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pH of 1.82. They are deal for the level dyeing of acid milled and qw@&bonized fabrics.
However, they areat good with washable wools becaukeir wet fastnesss notas good
with modern detergents containing perbofat].
1 1:2 Metal complex dyestuffs

Dull in shadejn these dyea metal atom (chromium, or cobalt) fagie complex with
two dye molecules. The large dye camicstrong links \ith the fiber and tends to have low
migration properties There are three typesf 1:2 metal complex dyesunsulfonated,
monosulbnated, and distdnated The disulonated dyes are thmost solubleand exhibit
significant pH-dependenceThey havelow affinity underneutral conditions thugequiing
more acid to achieve exhaustion, possess thhighest fastness to domestic wasHib&4].
The dyeing mechanism dr metatcomplex dyes and proteinbérsis shown in scheme 3.4

[28].

Scheme 3.4

HO.C-Wool-NHz + H" + X" A HO.C-Wool-NHz"X"

HO.C-Wool-NHz+X™ + Dye A HO.C-Wool-NH3'Dye + X

Reactive dyes

These constitute edium molecular weight acid dyes withiesctive group capable of
reacting with wool amino groupsnd highly reactive SH groupt® form a covalent bond

[22]. Clearing is necessary to remowe unfixed dye. Brilliant huegan be obtained with
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reactive ges which make thersuitable for dyeing bright shades for machimashable

wools Due to their poor levelingropertiesthese dyes arespecially suited fodyeng loose
fibers[23]. However, they are alsased fo dyeingyarn and garmeat The dye is applied at

the boil at neutral pH until the seams are penetrated and then dyebath is gradually acidified to
allow the dye talissolveslowly onto the fiber[154].

The mostcommon methods in dyeing are exhaust (batch), and continuous (padding)
dyeing[15,33,34. These are briefly described in the following sectif245260,261].

Exhaust (batch) dyeing has three main phases whichds@rption diffusion and
fixation. Dyeing is commenced at a fairly ambient temperature4(80e C) whi ch i s
slowly. During the difusion phase pH is changelly the addition of an alkalito help
facilitate covalent fixation of the dye which hdsfused into the substra{@6]. Auxiliaries
are added first followed by the dye to obtainfarm concentration throughout the dyebath.
Dyeing rates (dye uptake) depends upon the chemical and physical properties of the dye
together with the type and construction of the substrate being dyed. Other influential factors
include dye concentration, liqu ratio, temperature of the dyebath, and the inflaevfcthe
dyeing auxiliaries[262]. Two types of machines are usethmely,circulatingomachines
whereby the substrate is stationary ameldye liquoris circulated; and circulatingoods in
which the substrate and the dye liquor are both circulatddnwtihe machine. In circulating
machinessubstrates may be in the form of loose stock, sliver, yarn, or fabric. Yarn is packed
and wound orto cones or erforated beams, and dye liquor is pumped through the substrate

in two directions, iAto-out and owto-in. The density of the compacted material will
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influence the liquor flow rate. Inconsistencies in packing may lead to channeling of the dye
liquor which would result in some parts of the substrate being dyed teateg depth than
other area$32]. Circulatinggoods machines include hank dyeing machine (for dyeing of
yarn), winch where fabric is drawn in rope formraiagh the dyebath and other machines.
Winch machines may be replaced with pressurized jet dyeing machines. Jet machines run at
very low liquor ratios, typically 8:1 and some may run as low as 4:1. In jig or jigger dyeing
machines fabric is mounted in operdth form on a beam and guided back and forth through
the dyebath in open widt[82,37] such equipment is not much used in the West, but is
employed in some factories in Asia, especiallydgeing wools for suitings, where the jig is
used more than jet dyeing.

Continuous dyeing is traditionally accomplished in a production line. This involves
dyeing fabrics in open width form where pesd postdyeing treatments are included within
the treégment line. The amount of dyes left inside the fabric after squeezing out the excess
liquor by the pad rollers depends on the substrate construction, and pressure of the squeeze
rollers [39]. The amount of liqa r retained iIs known as #Apick
preferable because it minimizes dye migration and saves on energy consumption during
drying. Drying equipment are normally based on infrared heating or hot air streams and
should be contadtee to awid marking the substrate and soiling the drying equipment. After
the initial round of drying dyes may be only deposited on the surface of the substrate and
must be allowed to penetrate into the core of the substrate during the fixation process. This

will result in dyes forming strong bonds with the substrate via chemical reaction (in the case
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of reactive dyes), and ionic interaction (in the case of acid dyes). After fixation substrates are
usually washed to remove unfixed dye and auxiligB&s40]. Scheme 3.5 shows an example

of the dyeingnechanismdr reactivedyesand wool fibers.

Scheme 3.5

Dye-NHCOCH:CI + WookSHA Wool-S-CH:CONH-Dye + HCI

3.5.3.4Finishing

The finishing processes must taikeo account the history of the fiber, its genetic
sources, anthe environment in which it originatef2]. The objective is to produce a well
finished product that providea distinctive character and the bestaring properties while

alsoretairing the natural properties of the fibdB¥].

3.5.4 Measurement

Measurement is important because it is the main process to evaluate the performance
of the production, whether inrmas of color quality contro[263,264], tensile strength,
quality control of the product®r the dyeing procesteasurement varialdein the control

of color areshown in Figure3.8.
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Figure 3.8 Measurement variables in the control of color

The operator in each process plays a key role in the success of the operation and
therefore training for all operators involved in all processes should be mandatanyg
results can lead to a halt in the production or rejection of the products by customers due to
failed quality characteristics. If the products are rejected due to failed quality the customers
may demand compensation after rejecting the faulty lot apdotxdelivery of a new lot at
the original planned date in the contract. This would necessitatehesluling production

plans to fit the reun into the system, which might not be possible when other orders are in
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the queue. In addition this can resultunnecessary shipment and freight charges as well as
potential fines or loss of orders from the customers especially if products are seasonal and

productions cannot be rescheduled.

3.5.5 Machines

As textile materials can be dyed in various forms (fiber, yaahrid in knitted or
woven form, and garments) the dyeing methods and machinery used are specific to the type
of material being dyed. Different dyeing machines are used depending on a number of factors
which include dyeing method (batch, serontinuous, orcontinuous), dyebath circulation
system (stationary or dynamic dyebath, material or both), dyeing conditions (atmospheric or
high temperature and high pressure), types of materials, and whether the substrate is

presented in opewidth or rope form.

The baic requirements of dyeing machinenglude the followind37]:

1 Provide sufficient movement for the liquor to penetrate into materials uniformly;

1 Movement should not be too vigorous to avoigrapting the yarnfabric, or garment
structure

1 Maintainaset temperature throughout the liquor;

1 Contain no shargnachinecomponents to avoid damaging goods during the dyeing

Process;

149



9 Dye solution should be diluted equally in the entire dyebath; and

1 Ensure no corrosioncaurs in any parts of the machine.

Machine variables in the control of color are shown in Figure 3.9.

Top dyeing

Drying

Piece goods

Human Factors

Figure 3.9 Machinevariablesn the control of colar

For fabric dyeing in a jig machine (as used in some factories aassimentioned in
Section 3.3 wunder O6Reactive Dyesbo), some o

sideto-cent er col or variati ons, al so known as
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known as fAendingo, v ar i -totsidecandsendo-end df thenrplle r at ur

tension control from entb-end, constant speed control from g@oeknd, and also at the low

L:R washing off is difficult B7,154.

Paddle machines and rotary drums are two types of equipment that are regularly used
in garment dyeing. Rotary drum machines are sometimes preferred for garments which
require gentler handling such as sweaters. A high liquor ratio is required for paddle

machines, which makes them less economical and mayttieshade reproducibilit{37].

3.5.6 Natural resources

Natural resources, including air, water and human resources, affect the quality of the
product. Natural variables in the control of color are shown in Figure 3.10:

Problems associated with water quality include hardness and the presenaki-of
valent metal ions. Hardness in the form of calcium and magnesium ions in water do not
interfere directly with the action of nonionic detergents, but their presence could cause re
deposition of contaminants. Greasy wool can be scoured with wate¢otat hardness of up
to 70 mg CaCdlliter, but the use of water at a hardness of more than 100 mg/liter results in
unsatisfactory scouring. Metal ions (such as iron, etc.) can interact with dyestuffs and cause

severe dyeing probleni$54].
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Figure 3.10Natural resources variables in the control of color

Air pollution is another problem in textile manufacturing. If the factory is surrounded
by gravel roads and white fabrics are proghliextra care has to be paid to the production and
storage of goods to avoid soils that can be deposited from the air and contaminate the

productg265].

The cost of energy in textile processing is a major facext only to the cost of
chemicals. Hence, every processing unit strives to adopt ways and means, best known to
them, to minimize the energy cost. Energy saving in textile processing largely depends on the

sensible investments in plant and machinery, af as choosing the appropriate fuel
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depending upon the location of the plant. Various costs associated with operating textile
manufacturing firms can be categorized into fixed cost, labor, dyes & chemicals, energy, and
water. Therefore, all of these fardoneed to be carefully considered to plan and deliver an

effective production system and avoid problems that could adversely affect the quality of

goods[266].

3.6 Problems in the dyeing of protein textile materals

3.6.1 Problems originating from protein fibers

3.6.1.1Problems caused by dyeablity variation in wool fiber structure

Wool is composed mainly of a large number of different proteins. These are made up
of amino acids joined together to form long polymer chains. dh&o acids contain side
chains, some of which are acidic carboxyl groups, basic amino groups, or neutcbgnge
with hydrophobic groups [26.7These give wool its amphoteric character, which enables it to
absorb large amounts of acids or alkalis. Widmers do not have a homogeneous physical
structure. They are composed mainly of two types of cells; cuticle cells (scales), cortical cells
(cortext he main part of the fibers), with a fAce
two, which provides a @nnel for the entry of dyes and other chemicals into the fiber. These
cells have different physical structures and differ chemically and proteins in wool are not
uniformly distributed throughout the fiber. Therefore, the chemical and physical

heterogeneityof wool are responsible for the way in which it takes up dgé8,269].
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Differential weathering of wool can also be responsible for variations in amino acid content,

sud as cysteine which is often oxidized to cysteic acid. The cause of skitter dyeing of wool

or Atippy dyeingbo, l i es in the action of | 1i¢
it i's on the sheepbs back. Ppircatitleoanddogidjzesa d at i C
cysteine in the underlying exocuticle to anionic cysteic acid, making the fiber surface
hydrophilic. These changes occur to a greater extent at more exposed fiber tips, which results

in more adsorption of dye at the tip than the oéghe fiber. Epicuticle damage can also be

caused by mechanical processing also leading to skitter dyeings which is indistinguishable
from natural tippiness. Acitevelingdyes, can be used to overcome the tippy dyeing, while

acid milling dyes do not mrgte and the initial unequal penetration of the fiber results in a

final skitter dyeing. Woateactive dyes can be used with amphotknieling agents which

have a strongly cationic head, and the complex formed with these compounds is- surface
active and herefore seHldispersing. Due to the presence of a sulfonic acid group in the

auxiliary, the complex also has substantivity for wail [

3.6.1.2Problems caused by contaminants in protein fibers

Contaminants in wool include fly fibers, vegetable matter, dimpkébers and hair
fibers from sheemnd fibers from the fabrics used for bale coveringsese contaminants
make processing more expensive and difficult, and result in a final product that has limited
uses. Contamination of the Australian Merino woop dhias traditionally been associated

with dark fibers originating from urine stains and isolated pigmentation found in the fleece.
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Dark and medullated fiber contamination comes from exotic meat sheep introduced to

Australia in recent years. Dark and medwgthfibers can be transferred into wool by:

1 Contact during mating;
1 Contact with crosbred offspring;

1 Accidental contact in paddocks or yards.

Since the introduction of exotic sheep breeds to Australia, early and later stage wool
processors across the giohave reported more dark and medullated fibers in Australian
Merino wool tops. Single dark fibers in a white or pastel fabric after weaving need manual
picking out at a cost of more than 10 cents per kilogram in the USA and with a potential risk
of damagng the fabric. Medullated fiber contamination in Merino wool causes changes in
the appearance of dyed fabrics, especially dark or black fabrics. The issue with contaminated
sheep wool revolves solely around the physical differences between hair and aio@. &
medullated fiber, meaning that it is hollow, unlike a wool fiber. Medullated fibers do not dye
the same way as wool, and refract light instead of absorbing it, unlike wool, and do not
provide the friction needed to bind fibers together when madkibdcs, etc. In addition, the
hair fiber is significantly larger in diameter than the wool. Therefore the presence of hair in
wool limits its uses and applications. Haontaminated wool causes issues for use in apparel
or other textiles, because of tt#ferential dyeing and spinning properties of hair and wool.
Furthermore, it is not suitable for use as stuffing for furniture such as futons because the hair

pokes through the fabr[@70,271].
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3.6.1.3Effect of color grade on the color yield of dyed goods

It has been stated that originally wool was highly pigmented and close to brown in
color[47]. However, the selection of all unpigmted mutants by early shepherds resulted in
the cream colored wools that we are familiar with today. Wool protein fibers are composed
of 20 amino acid residues while silk is composed of 5 simple amino acid residues. Traces of
visible yellow chromophoregjive rise to the familiar creamy effhite appearance of natural
wool and silk. Current commercial bleaching processes are inefficient in removing these
chromophores completely; therefore, it is difficult for protein fibers to achieve brilliant
whites andpastel shades compared to other fibers. Current bleaching of wool relies
exclusively on the use of hydrogen peroxide, which is relatively inefficient on wool
compared to other fibers and decreases the gtatwlity of wool. Even though fluorescent
whitening agents can be applied to bleached wool to produce a much whiter base fabric,
these are not commonly used because of the high rate ofy#tmieving of the treated wool
[272]. To determine the degree of whitss of wool a standard test method, using two

parameters of yellowness and brightness, has been introdiged |

3.6.1.4Summary and solutions to problems originating from protein fibers

A summary of problems originating from protein fibers, and solutions, isngix

Table3.4.
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Table3.4. Summary of problems originating from protein fibers and renemded solutions

Possible
Problem Reasons an@ountermeasuse
cause
Due to the physical and chemical differences amotg ¢
in wool, at the initial stages of dyeing, the fiber does n
take updyes evenly along each fiber. After initial
General | Too short | penetration into the fiber, the dye molecules must diffu
unlevelnesg dyeing time | throughout the entire cros®ction in order to obtain
optimum color yields anthstness properties. The dyein
time should be increased, or auxiliaries could be adde
create better diffusion of dyes.
Poor color
At initial stages of dyeing, the fiber doestrake up dyes
yield
evenly along each fiber. After initial penetration into th
(low
1. Too short fiber, the dye molecules must diffuse throughout the e
exhaustion/ dvein
yeing crosssection in order to obtain optimum color yields ar
low :
time fastness properties. The dyeing time should be increas
fixation/po
or levelingagents could be added to create better diffu
or build
of dyes.
up)
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Table 3.4 (continued)

Possible
Problem Reasons and Countermeasures
cause
Control scouring process to completely remove impuriti
> Presence recommended settingsr scouring process include:
temperatures not exceeding 52°C when sodium carbon
of extra
dirt or is present. If treated with sulfated alcohols in the absen
VM of alkali, the temperature may be allowed to rise to 70°(
However, temperature should not be allowed to ekcee
90°C if treated with mild alkalis.

3.6.2 Problems originating in yarn formation

3.6.2.1Problems in carding

Carding aims to open up or disentangle the scoured wool staples, individualizing the
fibers, removing residual dirt and vegetable matter, and form a consinuetuof wool fibers
which is condensed into a card sliver, a ball or a can for worsted carding. Fiber breakage can

occurduring this procesgl52,1%4]. Some compromises hatebe made for example:

1 Burr removal efficiency comes with an increase of fiber loss;
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1 The more water added during the process, the better the static charge conth@ but
worsethe VM removal efficiency andhe greater the chance to create neps, whieh a
pinheadlike structures of fiber mass oforethan 3 mm in size

1 The faster the cylinder rgnthe greater the output biltere arenore chances to increase
fly fibers, and

1 Choice ofcardwire is a tradeoff between ease of maintenance and wire ld@sus fiber

length and neps

Lubricants (0.51% o.w.w.) are about an optimum level to apply on wool before
carding to reduce fiber to metal, fiber to fiber friction forces within the card and prevent
excessive fiber breakage. Lubricants should be efiablle, biodegradable, and often

contain bactericides/fungicides, complexing, and-adtrants.

The card consists of four sections; feeding, lidkeburr removal etc.), swit
workerstripper, and fancy doffer. Feeding systems play an important role imifoemity
of card web and sliver. Carding is a fairly vigorous action, breaking abed@%0of the
fibers with an average breakage of 30%. As much as 90% of fiber breakages in converting

scoured wool into tops take place in carding. The level of fitmakage is influenced by

1 Degree of fiber entanglement developed during scouring;
1 Fiber fineness;

91 Fiber strength;
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9 Fiber length;
1 Friction (Lubrication);
1 Webthickness on the swift; and

1 Moth attack duringterage and pressing scoured wool

An opening processan help even out a feed but can also lead to the presence of neps
in the card web. Increasing nep content in the web indicates poor carding and may be due to
damaged card wire or incorrect settings. Card wire should be sharp and not flattened, bent
over, or with any other damages. Wire choice depends on wool types and quality level
requirements. Incorrect setting of the crushing rollers may lead to unacceptable levels of VM
residues. Even though carding can remove some neps in scoured wools, it alsoeferms
neps during the process. Neps can be decreased with increasing the number of workers,
sharpness of card wire, decreased fiber density/swift load. Moisture regain is another
important consideration for the correct preparation of the fiber, wool wittod%ore of

clover burr should not be processed at a moisture regain abovil22%54].

3.6.2.2Problems in gilling

Gilling is an intermediate process after carding and prior tobamnin the worsted
system. In worsted system, three gilling operations are usually carried out before combing
and two gilling operations after combing. The purpose is to remove fiber hooks, align and

straighten the fibers, and improve sliver uniformity, reduce fiber breakage and noil
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formation during combing. Hooks can increase chances of fiber breakage. Fiber breakage can
occur on higkspeed intersecting gill boxes when using close {frolér settings. Gilling,
however, tends to increase nep formatiWool wax, suint, and dirt residues cardeposit

on the sliver, therefore an additional backwashing process may be added before combing
where the sliver is passed through a weak detergent solution and then through a dryer.
However, this process inciszs the overall cost of the operation, and therefore it is only

carried out when necessgdfiyp2,14].

3.6.2.3Problems in combing

The purpose of combing is to align the fibers, angsuee an even weight/unit length
of sliver and remove noil, fibers shorter than3Dmm, VM, and neps. This will produce
finer, stronger, more uniform, and less hairy yarns in spinning. Fiber breakage can occur if
fine pinning is used at the start of te&cular comb segment. If the pinning density is
incorrect, excessive wear or grease will build up on the pins and the sliver will have random
patches of noil throughout the sliver. Brushes play an important role in combing. A re
combing process is somets added for dyed tops, to separate and align fibers which
became entangled, and remove neps and slubs formed during dyeing as well. This process
can reduce the number of neps by over 80%. It is normally used to spin high quality fine
weaving yarns (25 teand finer). About 5% noils may be produced during thecambing

process, depending on the degree of entanglement of tfE5@RHA4].
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3.6.2.4Problems in drawing

Drawing is apreparation process for spinning which consists of drafting and doubling
with the purpose to reduce the linear density of the sliver while aligning the fibers. Worsted
drawing is the process of converting top into a roving suitable for spinning. Doublivigen
two or more slivers are fed into a drafting zone, with the result of obtaining a more even

sliver outpu{152,154].

3.6.2.5Problems inthe woolen processing system

The shorést processing route for staple fibers consists of two primary stages of
carding and spinning. Yarn ranges of3000 Tex can be spun on this system. As spinning
comes right after carding, therefore the fibers are notwetlaligned and tend to be bylk
soft, and hairy with low density, orientation, and twist. It is a versatile system where noils
and fiber waste can be processed into yarn. It can handle fibers of almost any type, fineness,
and length. In the case of wool, fibers with a fineness 8519 e m and | en8t h bet
mm can be processed on the woolen system. Woolen carding requires wool with little VM,
which can be achieved by pcear boni zi ng. At mospheric condit]

acceptable to process wool on this sysf#&2,14].

Lubrication or oiling is important in wool processing especially prior to carding to
minimize fiber breakage, fly waste, and static electricity, and provide additional fibe

cohesion, and facilitate drafting, condensing, and spinning.
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The requirements of a wool lubricant are;

1 Good lubrication and anstatic characteristics in carding and spinning;

1 Not discoloringof thewool;

1 Not impair fiber strength;

1 Facilitate mechanid¢grocessing in yarn production;

1 Not cause rusting or corrosion;

1 Not redudng the life of the leather apronksefore drafting rollers ocondenser tapes
roving

1 Form a stable and uniform emulsion with soft or moderately hard water;

1 Remain stable in stoge under various conditions of temperature;

1 Easily removable by scouring;

1 Not cause or support spontaneous combustion;

1 Not have or create odor, and

1 Be environmental friendly

3.6.2.6Problems in woolen spinning

The aim of spinning is to produ@eyarn. Ring spinmg is the most popular system
for spinning wool, particularly for fine yari273]. Mean fiber diameter and its coefficianft
variation (CV) are the most important properties influencing processing performance, yarn,

and fabric properties. Other importgrbperties are fiber bulk resistance to compression and
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mean fiber length272]. An increase in mean fiber diametertioe CV of fiber diameter has

an adverse effect on carding performance and yarn propétiescrease in bulk resistance

to compression has an adverse effect on yarn and fabric strength, fiber breakage during
carding, fabric abrasion resistance, and gmitity; however, it has a beneficial effect on

yarn extension, bulk and hairiness and mysscard variatior{154]. Some common faults in

spinning yarn are:

Bullets: These are lowwisted double yarns that may be seen weft wise in fabrics.
They may be caused byproper functioning of bunch motion, incorrect positioning of yarn
path through spindle, presence of loose tensioners, improper working of capsule and spring,

insufficient yarn length and missed knot formation after removing bunch yarn;

Twist variation: Inappropriate spindle speed, worn out bearings, poor condition of
brake shoe, pressure of tension roller, worn out bolster (the outside casing which forms the
lower part of the ring spindle on spinning frames), and yarn lapping can result in

inappropriate tust levels;

Bottom yarn:Leftover yarns of different shades, counts, and twist laps on to bobbins
give bottoms. These can be inadvertently introduced into yarn bobbins resulting in variations

during the coloration process.

Cork screw:Deposition of fibersforeign particles, and other unwanted items on to

the yarn during the spinning stage, as well as different tension levels at parallel winding
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machines, can cause one yarn to be straight, and another to become twisted on it. Also yarn
released during knoihg at parallel winding causes screwing of one yarn over another giving

the corkscrew effect.

Contamination: This is due to the mixing of different shades of fibers, or the

accidental incorporation of foreign materials during the spinning stage ands cassal
rejection of the fabric at the quality control stage. Contamination depends on a number of

factors that include:

1 the overall cleanliness of the production, storage, and dispatch departments,

1 cleaning of machinery after every doff and lot change,

1 suction of drafting zones of gill boxes and rovings,

1 use of curtains to partition ring frames &rdwo-for-onetwisting machineso separate
light and dark shades during spinning,

1 check overhead cleaners of plying, winding, cone winder, frage, anl two-for-one
(TFO) twistingmachines,

1 covering the material with polythene sheet to avoid fly and fluff accumulation,

1 use ofacompressedir jet for machine cleaning;only avacuum cleaner should be used

1 common air conditioning should be avoided fored spinning and white spinning
sections because common ducts for return and supply air can contaminate the white as

well as colored material,
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1 packing material with polypropylengite bagsor similar materialshould be avoided.

Count variationDifference in count in comparison with the required count can result

in bad product appearance and is characterized by variation in yarn density. This can be
prevented by checking the wrapping from gill box to ring frames regularly, checking to see if
the tensio at the roving and ring frames varies, and checking the top arm pressure, spacer,

condenser, and drafting zone conditions of the spinning frame.

3-/4-fold yarn: This fault may be caused by higher package diameter that results in

coll slippage.

Neps:Theyoccur because of poor carding of unopened fibers from earlier processes.

Oily yarn: Yarns stained with oil and grease are formed due to poor handling, wrong

work practices, negligence, etc. and can affect subsequent processes.

Spun in lint:These are forntedue to accumulatedyffibersthat may be twistethto

theyarn.

Slubs:Abnormal thick places over a short length of yarn are known as slubs and may
be formed due to lack of fiber control at each drafting stage, lack of individualization, and

parallelizaion at gilling.
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Snarled singleDouble yarns that have different twists compared with other yarns

may be caused by mixing up lesteamed or wsteamed yarns, and variations in tension

during winding at ply winding.

Thick end and thick picksfhese referd sections where the diameter of the yarn is

greater than normal. Regular checking should be done in yarn clearer oicanaclhin every

shift to minimize this issue.

Yarn mixing: Different colors, counts, twists, blends, and shades may be mixed up.
Material movement should be checked for lots, shades, blend, and count and marking and
labels should be checked and given during each process. Similar shades should not be run
side by side on ring frames. All remnant yarns should be removed from packages. Proper

housekeeping should be maintained at every stage of production.

Bad splicing:Splicesarechecked for strength and appearanckaasplicescan spoil

the appearance of the fabric.

Yarn knots are joints of two endBhe tail ends of the knot should beezfual length

(8-10 mm) and should not slip. Excessivewiading should be avoided as it may lead to
extra knots and may increase yarn hairiness. Package quality should be checked at rewinding,
and smaller package at rewinding should be avoided. The saatigy gpf yarn in terms of

count, shade, blend, and twist direction should be employed for preparation of warping

[148,150]
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3.6.2.7Problems originating in winding

The purpose of 1B process is to transfer yarn from the spinning packages (tubes,
cops, or bobbins), which hold relatively short lengths of yarn, into packages (cones, cheeses,
etc.) that can hold longer lengths of yarn which are suitable for subsequent processes, such as
yarn preparation, weaving, knitting, package dyeing, etc. Yarn faults (e.g. slubs and thin or
weak places) should be removed and the yarn
because it uses a solid paraffin wax as the lubricant). The purpodesissier yarn from the
spinning packages (tubes, cops, or bobbins) which normally hold relatively short lengths of
yarn into packages (cones, cheeses, etc.) that can hold longer lengths of yarn suitable for
subsequent processes. If the metallic surfacesnding are not smooth neps may be formed
or yarn hairiness may increase and this can deteriorate yarn qualityinidorm winding of

a yarn package can lead to colour differences in package d¢é$4].

3.6.2.8Problems originating in yarn steaming (setting)

After spinning an autoclave is used to reduce the twist liveliness (torque) and snarling
tendency of the yarn and hence facilitate the subsequent winding and twistiegyafrh to
avoid fabric distortion (e.g. spirality in knitted fabric). It is important to regulate the setting
of temperature and time in order to avoid yellowing of the wool fiber. Typically, a double
vacuum/double steam cycle is used to remove mosteodithfrom the steamer to promote

uniform temperature in the fibers and hence provide uniform setting conditions. Examples of
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steaming conditions that can be used are;

1 Evacuate to 88 kPa (26 inch Hg);
1 Steam at 80 °C for 5 murtes;

1 Evacuate again to 88 &P

1 Steam at 80 °C for 15 mins; and

i Evacuate to 88 kPa for 15 mins

If the setting effect is not adequate, longer times are preferred over the use of higher
temperatures (which would cause fiber yellowing). RecentHina steaming on conveyers

has also ben introduced152,14].

3.6.2.9Summary and solutions to problems originating in yarn formation

A summary of problems originating in yarn formation together with recommended

solutions is shown in Tablg.5.
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Table 3.5. Summary of problems originating in yarn formatios &ell as recommended

solutions
Problem Possible cause Reasons an@ountermeasuse
0.51% o.ww (on weight of wool)
lubricants is about an optimum level tqg
1. Lack of lubrication prior to | apply on wool before carding to reducg
carding fiber to metal, fiber to fiber friction
forces within the card and prevent
Reduced
excessive fiber breakage.
mechanical
2. Gilling: High-speed
strength
intersecting gill boxes when | Reduce feeding speed of the machine
using close frontoller settings
3. Combing: Fine pining was
Use pinning at the later stage of the
used at the start of the circulg
comb segment.
comb segment
Neps can be decreased with increasing
General 1. Poor carding can generate number of workers, sharpness of card
neps : , . :
unlevelnessg wire, and decreased fiber density/swift
load.
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Table 3.5 (continued)

Problem Possible cause Reasons and Countermeasures
2.Combing: Incorrect pinning
density: Excessive wear or
grease will build up on the
pins and the sliver will have Correct pinning density
random patches of noil
throughout the sliver.
3. Winding: Norruniform
- Good distribution of yarn on the
winding of a yarn package cg
lead to color differences in package is necessary to result in
package dyeing uniform dyeings.
Recommended setting are:
A Evacuate to 88
Yellowing 1. Setting: Too high temperatur
A Steam at 8O0AC
A Evacuate again
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Table 3.5 (continued)

Problem Possible cause Reasos and Countermeasures

Recommended conditions are as shd

2. Setting: Too long processing above. Longer time is preferred rathe

time than higher temperatures if the settin

effect is not adequate.

3.6.3 Problems originating in fabric formation

3.6.3.1Problems in veavng

Weaving is one of the fabric formation processes, in which warp and weft yarns are
interlaced using a weaving machine (loom). Warp yarns are the lengthways set of yarns in a
loom whereas the weft yarns are inserted from the side of the loom, usudaliyt @ngles to
the warp. There are three primary motions of a loom in a weaving cycle which comprise

shedding, picking (weft insertion), and beating up.

SheddingThis step involves lifting some of the warp yarns to form a tunnel through
which the weft wrn is inserted. There are three sorts of shedding mechanisms; 1) Tappet:
used for simple weaves in which the number of shafts is limited, 2) Dobby: the most
commonly used for wool, its system involves the use of a pattern chain to control the lifting

of the shafts, 3) Jacquard: the system controls the lifting of each individual warp end to
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create almost unlimited patterning possibilities.

Picking: Weft insertion can be achieved by 1) Shuttle: this loom type is still in
common use in developing countridhie major disadvantages of shuttle looms include low
weft insertion rate (low productivity) and excessive noise, 2) Gripper shuttle: such looms
have considerably higher production rates and are much quieter, 3) Rapier: These systems are
either rigid or flible and are much quieter than the two loom types mentioned earlier, and
4) Jet: Air jet looms are becoming the most popular weaving systems because of their high
speeds and relative quietness. Water jet looms are not appropriate for wool bechbsesthe

absorb moisture.

Challenges with processing wool in relation to weaving, and in particular issues

related to warping and weaving of wool include:

Fiddle stringsthese are tight ends in warping and weaving and cannot be seen until
fabric is wet relaxedn scouring or dyeing. They are caused by processing damp yarn (e.g.
from steaming or yarn dyeing) where the yarn stretches and remains in its stretched state
until the fabric is wet finished. Fiddle strings can appear in the weft but not unless the yarn
was wound wet and stretched in winding because picks are not often subjected to sufficient

tension to stretch the yarn.

Stitching: This is a term used in fabric design when the raisers of one weave fall

opposite the sinkers of another weave and is notdaraken twills, pointed twills, dice
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checks, etc. It is also called cutting, or locking. This issue can be resolved by; 1) applying
more tension to the warp in the loom, 2) reducing the speed by changing the sleying in the
reed or by spreading the endseownore shafts, 3) applying liquid wax at the beaming off
stage or wax rods at the warp sheet on the loom. Sizing is the best solution but is not always

available for woo[274].

3.6.3.2Summary and solutions tproblems arising in woven fabric formation

A summary of problems in woven fabric formation as well as recommended solutions

are shown in Tabld.6[274].

Table3.6. Summary of problems in woven fabric formation and recommended solutions.

Problem | Possible ause Reasons and Countermeasures

Warp streaks are narrow, Barré and dense stripes
running along the warp direction. Main reasons ar
the variation in density of adjacent group of warp
General ends due to neaniform dent spacing, leng

Warp streak
unlevelness drawingin, or count variations. Also, the variations
in lustre, reflectance of dye piakp of adjacent

groups arising out of differences in raw materials,

blend composition or yarn constructions contribute
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Table 3.6 (continued)

Problem| Possible case Reasons and Countermeasures

for streaks.

Wetft bar is a band running we#tise across the full width
of the cloth. The normal reasons are the periodic medi
to long term irregularity in the weft yarn, count differen
Wetft bar in weft, excessiveaension in the weft feed package,
especially in filaments, variability in pick density and
difference in twist, colour or shade of adjacent group @

picks.

These are similar to weft bar, but unlike weft bars, it
repeats at interval3hey are mainly due to irregularet
Thick and thin | off, incorrect setting of holding and releasing pawls on
places ratchet wheel of takap motion, gears of takep motion
not meshing properly, and gear wheel teeth worn out

broken.

Box marks are due to sothéng bruising or staining the
Box mark weft while it is in or near the box. Main causes are dirt)

boxes, shuttle riding over the weft, oil from shuttle
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Table 3.6 (continued)

Problem| Possible causg Reasons and Countermeasures

tongue, dirty shuttles, weft filyg about too freely, oil
splashes from loose cranks, oily spindles and buffers

dirty picking stick for under pick.

A crack between groups of warp ends, either continug
Reed mark | or at intervals, which can happen due to damaged reg¢

improper spaing of dents.

Narrow band of different weave density, across the w
of a woven fabric, caused by improper warp tension

Stop mark
adjustment after a loom stop. A well trained weaver c

reduce this type of defects.

3.6.3.3Problems in kitting

The knittingindustry as a whole can be divided into four manufacturing sectors;

Weft knitting comprises: 1) Fullfashioned, 2) Flat knitting and 3) Circular knitting
whilst 4) Warp knitting is seldom used for wool. Within the wool industry, ftdshioned
and flatknitting systems are commonly used. Circular knitting is limited to certain markets

such as hosiery, socks, etc. The four main common types of woekmieéid structures are
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single jersey, rib fabric, interlock fabric, and Milano fabric.

The fabric quality of wool knitwear can bessessedyy the fabric density (cover
factor) and the number or types of faults within the fabric as wdtoasthe quality of the

wool fiberused

Fabric densitythe structure of a weknitted fabric has a large influenoa the fabric
characteristics. Stitch density is directly related to the loop length (i.e. the length of yarn
contained in one complete knitted loop) which can be adjusted on the knitting machine. Loop

length affects the following:

1 stitch density/fabric ensity;

9 fabric weight and fabric cost;

i fabric dimensions and panel size; shaped knitwear;
1 dimensional stability; relaxation and shrinkage;

1 physical performance; pilling, burst strength.

There is a definite correlation between the wool yarn count andéogphl of a fabric
and this can be defined as the ficover facto
drape and performance of the fabric. Just as the yarn type dictates the optimum loop length,

this in turn dictates the gauge of knitting macheguired to knit the yarn.

177



Fabric Faultsthese can be attributed not only to the knitting, but @isbe quality of

theyarns and dyeing and finishing. Typical fabric faults found in wool knitwear include:

=

cockling or loop distortion;

1 fabric spirality;

1 vyarn irregularity (thick/thin yarns yield thin stripes) and neps create small lumps like
knots;

1 barre (horizontal stripes/bands caused by unequal loop lengths on adjacent rows/feeders);

1 contaminated yarns (colored fiber/vegetable mal#9,276).

3.6.3.4Summary and solutions to problenasising in knitted fabric formation

A summary of problems iknittedfabric formation as well as recommended solutions

are shown in Tabld.7 [277].

Table3.7. Summary of problems iknittedfabric formation and recommended solutions

Problem Possible cause Reasons and Countermeasures

Yarn varationis a prime cause of ba&Variation in

Yarn hairiness, count, and twist are considered to be threg
General

irregularity | important properties which need proper control to avj
unlevelness

(neps) barre Slippage of spindle tape is the main reason for

twist per inch (TPI) variations.
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Table 3.7(continued)

Problem

Possible cause

Reasons and Countermeasures

If TPI in some regions of yarn is high, then the yarr
diameter will be reduced and the number of helical
angles will be increased as well. If the diameter of {
yarn is low then more lighwill pass through that
regionof cloth because the gap between the two yg
Is increased. When more ridges are present, then 1
light is reflected from the surface of the yarn. Henc
regions with high TPI yarn appear light coloured afi

dyeing [2Z/8].

Presence ol

streaks

Unequal loop
lengths on
adjacent
rows/feeders
Improper
stitch length

at a feed

The recommended typical example of yarn

count/machine gauge relationship are as the follow

[277];

Yarn count
Machine Type Gauge
Nm
9 9/2-12/2
Straight Bar Fuly 12 12/2-17/2
Fashioned 15 13/2- 20/2
18 20/2- 28/2
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Table 3.7 (continued)

Problem

Possible cause

Reasons and Countermeasures

Impropertension

at a feed

Variation in
fabric takeup
from loose to
tight

Worn needles
(produce length
diredion streaks)
Uneven cylinder
height needles
(wavy barré)
Yarn irregularity
(thick/thin yarns
yield thin

stripes)

(N.B. Gauge is 21 22/2-32/2
needleger 1.5 24 28/2- 36/2
inches) 27 32/2- 40/2
3 212-4/2
5 4/2-9/2
V-Bed Fully
7 10/2- 14/2
fashioned (Gaugg
8 12/2-17/2
in needles per
10 20/2- 24/2
inch)
12 24/2- 3212
14 28/2- 36/2
8 17/2-24/2
10 22/2- 36/2
12 28/2- 40/2
Single Jersey Cut
14 32/2- 48/2
& Sew (Gauge in
18 40/2- 30/1
needles per inch)
20 48/2- 32/1
22 28/1- 36/1
24 32/1-40/1
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Table 3.7 (continued)

Problem Possible cause Reasons and Countermeasures
26 36/1- 44/1
28 48/1- 55/1
Presence
of
Presence of If the carbonization process is not done properly, \
specks,
vegetable matter | will be seen abrown flecks in the yarn and garmer
stains,
or spots

3.6.4 Problems caused by poor water quality

Purification of water is very important to avoid defects such as unevenness, dye
precipitation, shade dulling, harsh handle, or chalking. The basic requirements of water
guality for dyeing processes, as recommended by China Association of Dyeing and Finishing

Industry are shown in Tab&8 [159]:
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Table3.8. Basic requirements of water @ity for dyeing process

ltem Requirement
Total hardness <50 mgl (for general use)
(as CaCQ <17.5 mgl (for dyestuff dissolution)
pH 6.57.5
Iron <0.1 mgf
Manganese (Mg <0.1 mgf
Transparency >30 cm

3.6.4.1Water hardness

Hardness is traditionally measured by chemical titration. The hardnessvater
sample is commonly reported in milligrams per liter (same as parts per million, ppm) such as
calcium carbonate (mg/l CaGpD Hardness can be a mixture of divalent salts. Calcium
carbonate hardness is a general term that indicates the total yo&uiitalent salts present
and does not specifically identify whether calcium, magnesium and/or some other divalent
salt is causing water hardness. In theory, it is possible to have water with high hardness that
contains no calcium. Calcium is the mospornant divalent salt in fish culture water. The
hardness of water is mainly due to the presence of soluble salt of Ca and Mg in the sample of

water. Such soluble salts are chlorite, nitrites, sulfates and bicarbonate of heavy metals like
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Fe and Al whiclcan also contribute to the hardness of water.

There are two types of water hardness:

Temporary hardnessthen bicarbonate salts of calcium, magnesium, and sodium are

present in water, the hardness is called temporary hardness or bicarbonate hardness. It
disappears at the boil. The bicarbonate is decomposed with the liberation of insoluble

carbonates which are-farmed

Permanent Hardnessvhen sulfate, chloride, and nitrate salts of calcium and

magnesium are present in water, the hardness is called petnfareness. Permanent
hardness cannot be removed by boiling because these salts are not precipitated when the

water is boiled but remain in solution

Water hardness is generally defined in hardness units or degrees of hardness (°H),

however, the definitin varies in different countries as shown by the following examples;

Water hardness is generally defined in hardness units or degrees of hardness (°H),

however, the definition varies in different countries as shown by the following examples;

1 Germany (°D)where 1°D =10 mg/l CaCO
1 France (°F), where 1°F = 10 mg/l Cag€O
1 USA (°USA), where 1°USA = 1 mg/l CaGO

1 England (°GB), where 1°GB = 14.3 mg/l Ca£O
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A more modern classification of water hardness records the analysis of total hardness
as mmol/L of CaC@) bytitration of water against ethylene diamine tetra acetic acid (EDTA)

and is given as;

1 Hardnessrangeilisoft o up to 1.3 mmol /L = wup to

1 HardnessrangePiaverageo 1.3 to 2.5 mmol /L =
250USA; 9.1to 17.5°GB

1 Hardness range Bihardo 2.5 to 3.8 mmol/ L = 14
380°USA; 17.5to 26.6°GB

1 Hardness range 4 ivery hardo Over 3.8 mmol /L =

>26.6°GB [278]

Consequences of using hard water and probl caused by hard water in wet

processing are:

=

Precipitation of soap;

1 Redeposition of dirt and insoluble soaps on fabric being washed. This can cause
yellowing and lead toinleveldyeing and poor handling;

1 Precipitation ottertaindyeswhich can form metacomplexeswvith Ca and Mg salts;

1 Incompatibility with chemicals in finishing recipes;

f Whilst C&* and Md¢"* in hard water act to stabilize hydrogen peroxide, bleachbattp

decomposition of the hydrogen peroxide in the bath is accelerated by the tnagusitip

metals such as Fe, Ni, or Cu
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3.6.4.2Summary and solutions to problems caused by poor water quality

A summary of problems caused by poor water quality and recommended solutions is

given in Table3.9.

Table3.9. Summary of problems caused by poor watetityjuand recommended solutions

Problem Possible cause Reasons an@ountermeasuse

Dissolved mineral

salts in water: Iron Soften water by using one of the following

salts (in scouring processes;

Yellowing
and peroxide

bleaching 1. Lime-soda proces

processes) Temporary hardness

Iron salts and C
in bleaching proces Ca(HCQ)2 + Ca(OH A 2CaCQZ + 2(H

Local | can cause catalytic Mg(HCOR)2 + Ca(OH) A MgCOs +CaCQ 7 + 40
damage | decomposition of

peroxide bleaching| MICOs + Ca(OH} A Mg(OH) Z + C a;€ O

agents.

Dull Iron salts in dyeing

shades | process: May form
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Table 3.9 (continued)

Problem Possible cause Reasons an@ountermeasures
complex compounds with some
dyes. Permanent hardness
Salts of calcium or magnesium :
+ +
General MgClz + Ca(OH} A Mg(OH).Z
water deposited unevenly on the CaCh
unlevelness
substrate can cause unlevelness
. + 7 +
The presence of salts of calcium g CaSQ+NaCQA CaCQz
Presence o
magnesium in dyebath can cause NaSCy
streaks
streaks due to localized depositior] CaCh + NaCOs; A CaCQ 7 +
Poor handle: The formation of oNaCl
insoluble G/Mg soaps result in
formation of residues on the fiber 2. Baseexchange process: base
surface which is believed to exchange complex is zeolites,
Comfort | contribute to the soft/greasy handl such as sodium alumina silica
. . NaAISiOsA
properties | of soapscoured wool fabrics in har (NaAISIOwA 3.0
water. They may also lead to the 3. Demineralization process: lon
formation of unwanted odors as exchange resin: cation, anion
they degrade on the fabric over exchangers
time.
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3.6.5 Problemsin preparation

Improper conditions during pparationcan result in a number of coloration faults,
because pparationis the first stage in wet processing of textiles and all other processes

depend on its effectiveness and efficiency.Sehare described in the following sections.

3.6.5.1Problems in scouring

Scouring is a critical step in wool process[280]. Scouring is a process to remove
wool grease (lanolin), dirt, and suint. Vegetable matteftu{ose, lignin) could be removed
by mechanical (opening) or chemical (carbonizing) processes before or after scouring.
Aqueous scouring involves passing wool through a series of tanks (bowls). The first few
bowls contain hot detergent solution and the aiging bowls are used to rinse the wool.
Wool grease and suint can be removed by emulsification in a solution containing alkali and
nonionic detergent. However, as wool is sensitive to alkaline conditions, scouring is best
conducted under conditions assle t o neut r al pH as possible -

[28(). There are several factors that affect scouring performance:

1 Prescour openingPrior to scouring, greasy wool needs to be opened and presented in a
condition that would maximize scouring effectiveness:demur opening can also help to
remove some dirt and vegetable matter; however, excessive opening can lead to

entanglement that would lower top yield. This method is suitable for coarse dirty wools.
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Number of bowlsOlder scouring lines consisted of four to five bowls with the total line
length of about 128 meters while modern scouring lines have at least sissband are

35-50 meters in extent. The longer the length of the scouring line, the higher the potential
for fiber entanglement/felting.

Types of detergent and buildesap was the detergent of choice in the past, but fatty
alcohol ethoxylates are nowame-widely used together with sodium carbonate (soda ash)
as a builder, sodium chloride as well as sodium sulfate. Note should be taken of the fact
that sodium chloride is corrosive to metals and as such its use is limited to quantities that
are deemed leslamaging.

Water quality: The presence of multilent cations, such as calcium and magnesium
causes releposition of contaminants.

Production rate: If the rate is too low wool fibers have more freedom to move around and
can become more entangled. If tiage is too high, fibers can again become entangled as
they are jammed into the squeezing rollers and in addition contaminant removal could be
compromised.

Immersion time: Immersion time must be long enough to allow contaminants to swell
and be removed.

Temperature profile: The temperature profile is very important. Asuet bowl
temperature should not exceedf@B0High temperatures encourage entanglement and can

lead to fiber damage especially under alkaline conditions.
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1 Mechanical action: Mechanical action is needed to faciliteemoval otontaminants,
however, it can also lead to fiber entanglement.

1 Perbrmance of squeeze presses: The speed of the rollers should maintain an even mat of
wool through the scouring line.

1 Drying: After final squeezing in the last bowl, the scoured wool is passed onto the dryer.
Sometimesawet opener may be placed prior to thger to present wool in a more open
condition for better drying. If the temperature is too hitpen it can damage the fibers

especially if an alkaline builder is used.

3.6.5.2Problems in carbonizing

Carbonizing is the chemical process used to remove vegetaiter (VM) such as
burrs, seeds, grass, etc. (predominantly made up of cellulose, hemicellulose, and lignin) from
wool by treatment with acid or an agutoducing salf41,148]. Carbonizing follows a
traditional scouring process with nonionic detergents, rinsing and acidifying (impregnation of
wool fiber with 57% by mass, approximately 65% wet pick up) sulfuriclaand 12 g/l
detergentat 2@ 0 ¢ C) d 19G°C to goncaritrate6tie acid, baking at192 5e C f or
minute to char the cellulosic materials, crushing through rollers to remove the charred debris,
beating (dedusting) by conveying fibers to a rotatimgker to remove the charred VM dust,
neutralizing with sodium carbonate, and rinsing. Bleaching with hydrogen peroxide at pH 5
with formic acid may also be added, and final drying. The most commonly used acid for this

process is sulfuric acid. Carbonizimyay be carried out on wool fibers or fabrics after
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scouring for both worsted and woolen piece goods. Carbonizing is primarily used for card
waste in the woolen route. There is a method of rapid carbonizing where wool is treated with
up to 8% (w/v) sulfu acid solution for 30 seconds and given a time delay of abel 10
minutes before drying to allow acid to penetrate into the wool fibers. Local damage can
weaken the fibers greatly if the surface acid is not evenly distributed during drying.
Therefore, ¢ss chemical attack occurs to wool in rapid carbonizing. To minimize the
chemical damage of acidic conditions on wool, various alternatives have been proposed, such
as calcium chloride, hydrochloric acauminumchloride, magnesium and thionyl chloride.
However, they are rarely used due to high cost and higher temperatures required which can
cause damage to dry wool. Therefore, commercial operators employ sulfuric acid due to its
low price and ease of control. Typical problems found during this proceiksiénthe

following [280]:

1 Scouring (depending on the degree of opem@r scouring may occur);

1 Acidification (yellowing of wool and localized damage can occur, also ineffective
carbonizing can occur at too low acidificatipn)

1 Moisture removal (poor squeeze efficiency can result in uneven moisture content);

1 Drying and Baking ¥ellowing of wool at high temperatures and paarbonization of

VM at low temperatures may be obtaiied
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1 Crushing and Beatin(fiber breakage and loss of fiber can occur with-dewere crushing
or inadequate removal of VM may be obtained if crushing and beating is poorly
accomplished)

1 Neutralizaton (ool pH should be adjusted to be optimal, not too low and not too high,

this can also affect the subsequent bleaching prpcess

Enzymes, such as cellulase, ligninase, hydrolase, lyase and oxidoreductase are being
increasingly used in lieu of the carboing process. These have the advantages of reduced
wool fiber damage, reduced effluent load, and reduced energy consumption. Uneven dyeing
may result in faulty carbonized wool because carbonized fibers are more porous and have a
higher dye uptake than sa®d wool. Carbonization, however, can cause local damage in
wool. Wool undergoes some hydrolysis between the acidification and the drying steps, even
at room temperature. The surface acid remaining after carbonizing may be unevenly
distributed in the woomass and consequently local damage may be caused. There is a
critical poi nt at a temperature of 70eC in
above which wool hydrolysis increases significantly. Oxygen is not directly involved in
hydrolysis damag to wool during carbonizing. Lower drying temperatures before baking in
carbonizing minimize damage to wool fibers. The addition of surfactant in the carbonizing
bath results in the even distribution of the acid as a film over the entire surface dfethe fi
and can protect wool during carbonizing. Sometimes carbonizing is done during dyeing with

1:1 metal complex dyes under strongly acid conditions, but this method may produce severe
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fiber damage and requires careful control of dyeing condifi28(3.

3.6.5.3Problemsin bleaching

There are several bleaching procedures that are employed in the industry. These are

described as ftws.

Oxidative bleaching

Hydrogen peroxide is commonly used as an axidi agent for wool because sodium
hypochlorite gives a rusty colour and sodium chlorite develops a pink colour on wool. A
traditional oxidative bleaching process is carried out énglesence of an alkaline stabilizer
or under acidic conditions with hydrogen peroxide. Stabilizers are necessary to slow down
the decomposition of both hydrogen peroxide and the active bleaching agent. For bleaching
wool in alkaline hydrogen peroxide stihn wool is oxidatively bleached at pH1® using
ammonia with a solution of hydrogen peroxide containing 8/l stabilizer, such as
tetrasodium pyrophosphate, sodium tripolyphosphate, sodium silicate, sodium
pyrophosphate, or a mixture of sodium pyrogptuate and ammonium oxalate for 2 hours at
506 0 e C. fibelik then rinsed and treated with a dilute acetic acid and rinsed again. A
recent trend is to reduce the treatment time to 1 hour. However, phosphates in effluents cause
environmental concerns, drthus silicates and oxalates have been used as alternative
stabilizers. Hydrogen peroxide and peroxy compounds damagefibed, therefore the

dyeing of bleached wool should not be done at the boil because bleached wool undergoes
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hydrothermal yellowindaster than unbleached wool, and thus dyeing at 80°C is adequate for
bleached wools. The level of whiteness can be adjusted by controlling the concentration of
hydrogen peroxide, treatment time, pH, and the temperature of the treatment bath. Under
acidicconditions, the wool is treated with a solution of hydrogen peroxide containing formic
acid (2.5 g/l) at pH 41.5 at room temperature. Another way is to bleach wool with hydrogen
peroxide at pH 5 for 1 hour at 80°C.The whiteness achieved by this metipodridbut
adequate for dyeing wool in heavy depths of shade. Bleaching with alkaline and acidic
hydrogen peroxide at 60°C can be improved by adding2D00g/l of urea. This process
causes lower chemical degradation on wool. If stable bleaching or amplichtiluorescent
brighteners is required, then sodium hydrosulfite treatment after bleaching with alkaline
peroxide bleach is necessary. For bleaching with alkaline hydrogen peroxide wool is treated
for 3-5 hours at 50°C followed by a treatment with 2 lgytirosulfite solution to raise the
whiteness level. For some heavily pigmented wools such as Karakul, the use of metal
catalysts in a mordanting step prior to peroxide bleaching process is necessary. Mordanting is
done by applying iron (ll) sulfate heptadrate in the presence 0f43g/l hypophosphorous

acid (50% H3PO2) which acts as a reducing agent with formic acid at3x5i& 80°C. Iron

acts as a catalyst and enhances the bleaching action. Bleaching conditions are summarized in
Table 310 [1]. A good stabilizer in a peroxide bath is 10 g/l Tetrasodium pyrophosphate

(diphosphate) at a liquor ratio of 19280].
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Table3.10. Bleaching conditions for wool pigmented

Temperaturg Time
Fiber type H202 (35%) ml/L| pH
(°C) (minutes)
Karakul wool, Cashmere
2545 8-8.5 50-60 45-180
Alpaca, Camel, Yak

Rabbit 20-40 8-8.5 50-60 45-120

Goat 30-50 8.5 60-70 60-180

Reductve bleaching

There are several reduction bleaches used in the industry which are described as
follows:
1 Sodium dithionite (hydrostite) i NaxS04; Cl reducing agent 1
1 Sodiumformaldehyde sutfxylatei Na" HOCH,SO; Cl reducing agent 2
' Zinc formaldehyde s@bxylatei Zn** (HOCHSQ;)z; Cl reducing agent 6

9 Thiourea dioxide (4.1; Cl reducing agent 11)

Most wool reductive bleaching is carried out with 2)/I stabilized dithionite at pH
556,and 456 5e¢e C f or one hour. For formal dehyde

carried out at pH 3 at a temperature of 90¢ecC
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harsher and leaves a sulforous odor as well. However, it produces bright pastel shades on
wool fibers and helps to eliminate yellow fading due to photoblegcbi natural pigments
as a result of exposure to daylight. Therefore, it is good for carpet {¥dg1<18,150,242]

Thiourea dioxide is effective when3 g/l are applied at pH 7, and 80°C for one hour
with a sequestering agent added to the bath to prevent-hesteycatalyzed decomposition
of the reductive bleaching agent. Whiteness can be improved by combining fluorescent
brightening agents (FBA), which are colorless acid dyes, together with thiourea dioxide or
hydrosulfite bleach. However, they are sensitive to light and cause yellowing

[1,148,1%,280].

Combined oxidation/reduction

|l ndustry prefers this combination whi ch
process starts with oxidative bleaching followed by reductive bleaching becaudséivexi
bleaching tends to leave a reddish cast while reductive bleaching causes a greenish tint.
There are two approaches to this procedure, first hydrogen peroxide is used for oxidative
bleaching then thiourea dioxide is added in the bath without remdivingeroxide bleach.
In the second approach, however, the remaining hydrogen peroxide is decomposed by an
organic catalysi280].

Dye bath bleachingWool can be yellowed during dyeing according to bath pH,
temperatur e, and time of processing. I n addi

fadeo to fibers. To prevent t h e st bleachinge s i r ab
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aids. Two systems are used: sodium bisulfite/sequestrant mixture, or hydroxylamine sulfate.
Chemical damage can occur during the treatment due to excessive rapid decomposition of
hydrogen peroxide. The presence of reducing agents (metdlcsaitenhance the reactivity
of wool in presence of hydroperoxide leading to fiber degrad2ijn

Modern methods of béehing wool are directed towards the control of chemical
damage during the treatment. Chemical damage generally occurs due to excessive rapid
decomposition of ED.. The reaction of wool with ¥ is relatively slow under acidic
conditions compared with akne conditions. The presence of activating reducing agents
(metal salts) can also enhance the reactivity of normal wools in preseng@ ahH can lead
to fiber degradation. The precautions are exactly the same as those needed in the bleaching of
cottan with H.0.. During oxidative damage to wool some of the cystine dinks (the
number depending on the conditions) are split and oxidized to cysteic acid which can be
regarded as a measure of the degree of damage. A possible mode of attack has been
suggested for the reaction of persulfate ions with the peptide groups. The reaction of wool
with peracids and probably hydrogen peroxide is considered to yieldn®xycystyl and S,
S-dioxycystyl residues. Although sulfite ions react with wool to split thalfiie linkages,
dissolution does not occur. The reaction is reversible and the maximum extent of reaction
takes place at around pH43 The mechanism of reaction seems to be nucleophilic attack of

the disufide bond by either the bisulfite (H8Por thesulfite (SG) ion [47].
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3.6.5.4Problemsarising from insectresist treatments

Wool and other animal fibers can be attacked by moths and beetles. More than half of
the total insect damage to wool products are causeshtiyenus flavipegLeConte). As a
resultinsect resist treatments are carried out to prevent fiber damage. However, some of the
earliest chemical treatments are not environmentally friendly therefore they have now been

largely abandoned. The requirements for insesist agents are

1 Effective hirough the lifetime of wool textile or carpet
1 Resistance to hydrolysis in boiling dye baths

1 Possess adequate stability to sunlight, laundering, or cleaning

Commercidly-available insectresist products are listed in TablelB [154]. The

treatment can be carried out during scouring or in the dyebath.

Table 311. Commercial products of inseagsist treatments

Product/Manufacturer | Chemical name Year of introduction

Mitin FF (Ciba Geigy) Sulcoferon 1930

Molantin P (Chemapol) | Chlorphenylid* -

Perigen (GlaxWellcome)| Permethrin 1980
SMA-V (Vickers) Permethrin 1980
Antitarma NTC (Dalton) Permethrin 1982
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Table 3.11 (continued)

Product/Manufacturer Chemical name | Year of introduction

Mitin BC (Ciba Geigy) Permethrin 1982

Eulan SPN (Bayer) Permethrin 1983

Eulan SP (Bayer) Cyfluthrin 1982
PermethrinHexahydro

Mitin AL (Ciba Geigy) 1983
pyrimidine derivative

Cirrasol MPW (IClI, Aust.) Cyhalothrin 1985

*Chlorphenylidproducts from Ciba Geigy and Baygere withdrawn from the market in

1989

3.6.5.5Problems in degumiing silk

There may be three types of damage to silk fibers during thegatenent processes.
Repeated processes and improper handling may cause mechanical damages due to chafing at
the silk fibea surface. Biological damages may occur on storage, especially in-a non
degummed state, due to bacteria. Chemical damages may occur due to improper control of
the various parameters during degumming and bleaching treatments. The chemical behavior
of silk towards acid is somewhat like wool except that it is more readily attacked by strong

acids. Silk is more resistant to all alkalis except caustic soda and caustic potash. Prolonged
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boiling of silk fibers in water alone will produce slow degradation anddiysis. In acid or

alkali, hydrolysis of the peptide chain occurs with loss of tensile strength of the fibers. The
extent of degradation depends on the pH of the solution and is minimal between
approximately pH 4.0 and pH 8.0. Uneven degumming causegdattches due to uneven

weft material. Lime soap residues may be present on silk due to hard water and poor rinsing
showing metal spots and rust particles. Uncontrolled oxidation of bleaching baths can also
attack the silk fiber, hypochlorite, chlorineodide etc. can cause discoloration of the fiber
probably due to the oxidation of the tyrosine residues. Hypochlorite solutions render both
fibroin and sericin insoluble to an extent depending on the pH, being more effective in
alkaline solution (pH 10.3klightly less in mildly acidic (pH 4.0), and not at all in strongly
acidic conditiong281] . When silk is immersed in a hydrogen peroxide solution, the latter is
absorbed to an extent which is independemtbin the range 2.5 to 9.0. This may be due to

the fact that the peroxide combines with amino groups and peptide bonds of silk fibers.
Peroxide also causes reduction in tyrosine content presumably due to the splitting of peptide
bonds at linkages involvintyrosine. Oxidation by peracetic acid causes scission at a greater
rate than by hydrogen peroxide, but loss in weight for a given rise in fluidity is greater with
hydrogen peroxide than peracetic acid. This is because the tyrosine in silk is oxidietd to y

acidic groups which increases solubili30].
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3.6.5.6Summary and solutions to problems in graration

A summary of prolems due to various preparation processesl recommeret

solutions is listed iMable 3.123.15.

Table 3.2. Summary and solutions to problems in scouring

Problem Possible cause Reasons an@ountermeasuse

1. Wool is readily degraded in alkaline solutions,
particularly at high temperature.

1. Too high Use sodium carbonate, instead of strong alkalis
alkalinity such as sodium hydroxide, or conduct scouring

close to neutral pH as possible, or use dilute

Reduced ammonia solution at pH 16r 30 min at 90°C.
mechani| 2. Complete 2. Fiber should retain a small portion of its original
cal removal of wool wax content (between GGL75%) to avoid
strength wax in scouring brittleness during spinning process.

3. Temperature should not exceed 52°C whedium

carbonate is present. If treated with sulfated
3. Too high
alcohols in the absence of alkali, the temperatur
temperature
may be allowed to rise to 70°C. Do not treat at

temperatures over 90°C if mild alkalis are used.
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Table 3.12 (continued)

Problem Possible cause Reasos and Countermeasures

1. Bowl temperature is too low

2. Insufficient detergent

3. Wrong detergent

4. Wrong pattern of addition of detergent

Poor color | Presence of extra 5. High levels of contaminants in scour liquor
yield dirt or VM 6. Poor rinsing

7. Poor water quality

8. Insufficient immersion time (control time to 13D

min for this process)

9. Re-deposition of contaminants

Complete

removal of wool | Fiber should retain a small portion (betweeft O
Comfort
wax in scouring | 0.75%) wax to avoid brittleness and retain its
properties
produces harsh | softness.

handle
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Table3.13. Summary of problems due to carbizing and a list of solutions

Problem

Possible cause

Reasons and Countermeasures

Local

damage

. Surface acid is no

evenly distributed

during dryirg

. Allow about 1015 minutes delay time before

drying to allow acid to penetrate into wool fibel
Usewetting agents, and surfactant to improve

and even out acid uptake.

. Too strong acid,

wrong acid type

(acidizing step)

. Use 57% (w/v) sulfuric acid, 12 g/l detergent at

20-30°C

Yellowing

. Too high

temperature

(baking step)

. The treated wool should be baked at1Z®°C for

1 minute, treatment temperatures above 120°C

result in significant increases in wool hydrolysisg

. Too high

temperature

(drying step)

. The treated wool should be dried at low

temperature (6G0°C) very quickly to minimize
degradation by sulfuric acid of intermediate
critical concentration. The critical point is 70°C |

which wool hydrolysis increases significantly.

. Too strong acid,

wrong acid type

(acidizing step)

. Use 57% (w/v) sulfuric acid, 2 g/l detergent at

20-30°C.
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Table 3.13 (continued)

Problem Possible cause Reasons and Countermeasures
. Too much 1. Reduce the tension between flutetlars in
mechanical action crushing and beating stage.
2.Use ammonium hydroxide solution (2 ml/|
Reduce . Too high pH
NH4OH 20%) at LR 40:1 for 30 min at roor|
mechanical  (Neutralization)
temperature.
strength
3. Carbonizing during dyeing with 1:1 metal
. Highly acidic
complex dyes utter strong acidic conditiong
conditions in dyeing
requires careful control of dyeing condition
1. Poor crushing: Increase tension between
rollers in crushing stage.
2. Poor beating: Increase the time for wool tg
. Impurity residues pass through rotating shake
General 3. pH too low (Neutralization): Use ammoniul
unlevelnesg hydroxide solution (2 ml/l N6DH 20%) at
LR 40:1 for 30 min at room temperature.
A continuous centrifuge may be installed to
. Uneven moisture
remove moisture content prior to drying. The
content
centrifuge povides a lower and more even
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Table 3.13 (continued)

Problem| Possible cause Reasons and Countermeasures

moisture regain distribution.

Caused by uneven drying of the material: Installing a
3. Uneven
continuous centrifuge prior to dryirggn provide a lower
neutralization
and more even moisture regain distribution.

Table 3.8. Summary of problems due to bleaching ariét of recommended solutians

Problem| Possible cause Reasons an@ountermeasuse
1. Inadequate | 1. Stabilizers are necessary to slow down the
control of decomposition of both hydrogen peroxide and the
oxidative active bleaching agent. Solutions of hydrogen
Reduced  bleaching peroxide contain-3 g/l stabilizer (e.g. tetrasadin
mechani with pyrophosphate, sodium tripolyphosphate, sodium
cal hydrogen silicate, sodium pyrophosphate) for 2 hours at 50
strength peroxide 60°C, rinse, treat with dilute acetic acid, rinse. Req
under trends are to reduce processing time to 1 hour,
alkaline silicates and oxalates can be used as alternatives
conditions avoid phosphateontaining effluents.
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Table 3.14 (continued)

Problem | Possible cause Reasons and Countermeasures

2. Bleach under weakly acidic conditions using a perac
activator (e.g. Prestogen® Activator W Lq. by BASF,
for 1 hour at 80°C at pH 5¢r hydrogen peroxide at pH
5 for 1 hour at 80°C. Whiteness is poorer but adequ

for wool dyed to heavy depths of shade.

3. Acid process has lower chemical degradation on wo
Bleach using hydrogen peroxide and formic acid (2.5

g/l) at pH 44.5, at roontemperature.

1. For some heavily pigmented wool such as Karakul,
use of metal catalysts in a mordanting step prior to
peroxide bleaching process is required. Mordanting

2. Presence of
done by applying an Iron (ll) sulfate heptahgig in

metals

the presence of-8 g/l Hypophosphorous acid (50%
(iron,

HsP Q) which acts as a reducing agent, with formic
copper)

acdtopH33 .5 at 80eC for 1
20 minutes following thenordanting step is very

important to avoid fiber damage.
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Table 3.14 (continued)

Problem | Possible cause Reasons and Counternseiges

2. Hydrosulfite, ferrous sulfate, and ammonium sulfs
mordanting needs an addition 6#9%
formaldehyde to act as a crdsking agent to
preventfiber degradation. In the second stage,
bleaching is carried out under alkaline conditions
with hydragen peroxide. Note that application of
formaldehyde may introduce health and
environmental issues and alternative solutions m

be necessary.

Treatment time depends on bleaching agent and pH
example, oxidatively bleaching wbin alkaline
hydrogen peroxide solution is done at pH@using
3. Too long ammonia with a 18 volume solution of hydrogen
processing | peroxide that contain-2 g/l stabilizer, such as
time tetrasodium pyrophosphate, sodium tripolyphosphats
sodium silicate, sodium pyrophosphaiea mixture of
sodium pyrophosphate and ammonium oxalate and {

process takes2 hoursat6@ e C; t he su
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Table 3.14 (continued)

Problem Possible cause Reasons and Countermeasures

rinsed, treated with dilute acetic acid and

rinsed agin.

1. Iron salt residues
(mordanting
bleaching process) | Need more rinsing or additional reductive o

General for heavy pigmented| oxidative bleaching.
unlevelnesg  wools (Karakul) can

cause decoloration

2. Presence of hydroge
Use a catalas® destroy peroxide residues
peroxide residues

Use sulfur containing
1. Change reductive bleaches to sadiu
bleaching agents
dithionite (hydrosulfite) or thiourea
(Sodium formaldehyde
dioxide which use milder conditions of
Comfort | sulfoxylate) causes poo
pH 5.56 at 4565°C for up to one hour, g
properties | handle, and sulforous
use crosdinking agents (such as 1,2
odor, but can produce
dibromoethane (C#Br-CHBr) or
bright shades and
ethanediol (glyoxal O=CHCH=0)
eliminate yellow fading
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Table 3.14 (continued)

Problem Possible cause Reasons and Countermeasures

due to photebleaching of| 2. Use Thiourea dioxide (less fiber damag
natural pigments when at pH 7 for 1 hour at 80°C. The active

exposed to daylight. bleaching species is sulfuric acid.

Oxidative bleaching: Using sodium
1. Use Hypochlorites as
hypochlorite gives a rust color and sodium
bleaching agent
chlorite develops a pink color on wool.

1. Too short a processing time: Level of

Presence whiteness aa be controlled by

of specks, concentration of hydrogen peroxide,

stains or treatment time, pH, and temperature of
2. Inadequate removal 0

spots treatment bath.

colored material

2. Alkaline hydrogen peroxide for-8 hours
at 50°C followed by a treatment with 2 ¢
sodium hydrosulfite solution to increase

whiteness level.

208



Table 3.15. Summary of problems due tsilk degumming anda list of recommended

solutions
Problem Possible cause Reasons and Countermeasures
Prolonged boiling of silk in water will
produce slw degradation and hydrolysis.
1. Boiling silk in acid or
The extent of degradation depends on the
Reduced alkali
of the solutions and is minimal between pH
mechanical
4-8.
strength
2. Uncontrolled oxidation
of bleaching baths can| Check and adjust degumming conditions
attack silk fiber
1. Oxidative bleaching using hydrogen
peroxide (at pH &, to inhibit alkaline
Presence o hydrolysis of fibroin chains), sodium
Incomplete bleaching
specks, perborate (NaBg) and sodium persulfatg
(uneven) causes spotted
stains, © (NaeS20g).
batches.
spots 2. Reductive bleaching: Sodiudithionite
(NaS04), applied under neutral or
mildly acidic conditions.
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Table 3.15 (continued)

Problem

Possible cause

Reasons and Countermeasures

Local damage

1. Lime soap

residues

Hard water: Insoluble soap deposition is
caused by the formation ofdvand Ca soaps.
Passage of hard water through anion
exchange resin before use will remove the |
and Ca ions and replace them with sodium
ions from the resin resulting in a supply of

soft water.

2. Metal spots, rust

particles

Poor rinsing: Increase ringrtime in

degumming process.

General

unlevelness

Hypochlorite,
chlorine dioxide, etc
can cause
discoloration, due to
the oxidation of the

tyrosine residues.

Hypochlorite solutions render both fibroin al
sericin insoluble to an extent depending on
pH, being more effective in alkaline solution
(pH 10.3), slightly less in mildly acid (pH 4),

and not at all in strong acidic conditions.
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3.6.6 Problems originating in dyeing

Textiles in any forms should be homogeneous, and the whole batch of material must
have the same fineness and maturity to form uniform shades. If the fibgrdis to be
transformed into yarn and/or fabric, small variations in dyeing do not pose major problems
because blending of thigbers in spinning ensures good mixing. Once egttefiber is
converted to yarn, migration diber is arrested and uneven shading cannot be easily
rectified. Conversion of such dyed yarn to fabric may improve the situation. Dyeing of
textiles in fabric form is most typical and any unlevel shades formedotdren easily
rectified, thus the situation becomes so complicated in some cases that the dyed fabric is
ultimately overdyed to black shades. The widths of fabric pieces to be joined must be

identical and stitching should be free from faults to obtainl levadeg282].

While fibers may be dyed with specific classes of dye in some cases they may result
in damaging the material. For instance, in dyeing of wool or silk with sulfur, hot reactive and
vat dyes some aimage may occur due to application conditions. The highly alkaline pH
maintained during dyeing at high temperature partially disintegrates protein fibers causing a
reduction in tensile strength. Protein fibers including wool and silk hawsithgethat uder
acidic conditions become protonateeN®**) in their main polymer chain which are
attractive to acid/metal complex dyes. Badyeable sites can also be made on protein fibers

under suitable conditions but basic dyes exhibit poor light fastness jpesfi280].
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3.6.6.1Problems in dyeing with acid dyes

Wool is a heterogeneous substrate made up mainly of amphoteric proteins. It may be
colored with a variety of watesoluble dyes, and in practice it is dyed and pdntvith
sul fonated dyes t er mpadufadtaingiand the gyesiegindustties t h e
grew more sophisticated these dyes were modified by increasing their molecular size to give
better wash and lightfastness properties. Thus aanlling, chrome, premetallized, and
reactive dyes were developed and used in various application s&etone 3.11shows an
example of mechanism of acid dyes interaction with protein fibers and typical structures of

some acid dye2B(.

Acid dyes are mostly sulfoc or carboxylic acid salts which are applied from an
acidic bath. The dye anion is the active coloring component in these molecules. Acid dyes
possess affinity for protein fibers and form ionic bonds that retain the dye within the fiber.
Fastness propées vary based on the chemical constitution of the dye and the fiber. From the
application point of view, there are three types of acid dyes. These are briefly described in

the following section§282].
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Figure3.11. An example of mechanism of acid dyes interaction with protein fibers

and a few typical structures of acid dyes
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Acid leveling or equalizing dyes

These dyes are adsorbed rapidlyatpBl2even at 40eC from a dy
strong ad suchasbBOw( 3. 5%, 1680 Tw) a2a%). GGddsavelermtaredls s a |
into the dyebath at 60°C, the temperature is then raised to the boil within 30 minutes and kept
at that temperature for a period of-@8 min. They produce mostly level shadesl exhibit
poor wash fastness properties because of their low molecular weight and high water
solubility. This can be improved through suitable phgting treatmentf282]. The general

application process fahese dyes as well as their properties can be summarized as follows:

Due to the low relative molecular mass (r.m.m)le¥eling acid dyes which is
typically between 30®00, the dyes rapidly diffuse into and out of the fiber in a boiling bath,
Therefore, ay initial unlevelness may be overcome by dyeing at the boil until equilibrium
dyebath exhaustion is achieved. This is determined by the relative molecular mass (r.m.m) of
the dye molecule, the presence of ions in the bath, e.g. from electrolytes, auwidliaries,
dyebath pH, and the number of solubilizing groups on the dye molecule. The dyes are
applied from an acid dyebath at pH 3%, and control of dye uptake is achieved with
sodium sul fate (Gl auber 6s s althteppplicaiontofyagd c al t

levelingdyes is shown in Figur&12[47].
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Figure3.12 A typical time/temperature profile for application of atggielingdyes

The excellent migration properties lgiveling acid dyes allows them to be used on

substrates thiare difficult to penetrate; and overcome challenges with dyeing machines that

have limited dye liquesubstrate interaction such as the single stick hank dyeing machines

for carpet yarns, and winch machines which have limited liquor and substratetiotera

[47].

Milling dyes

These dyes possess higher wash fastness thateaelohg dyes but do not migrate

well. The dye bath is set at pH 4% using CHCOOH (13 %)

50eC. The

temperature 1is

and GI

then r ai
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boil for 30-60 minutes at pH 5:8.2. Wash fastness is good due to the high molecular weight

of the dyes imparting low sability. Levelingis moderate as the affinity of the dye anion for

the fiber is highe[282].

The milling acid dyes have higher r.m.m thlaweling acid dyes, typically around

500700, and have better wash fasta properties as well. These dyes are widely used for

applications that require good migration and superior wash fastneskevieing acid dyes.

They are used on medium to heavy shades of wool yarns and fabrics. These dyes require

higher dyebath pH (4-5.0) and the use of laveling agent, typically mildly cationic ones.

Their application profile is similar to that fdeveling acid dyes, however, the dyebath

constituents are different. A typical time/temperature profile for the application of milling

acid dyes is shown in Figu@13 [47].
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Figure3.13. Typical time/temperature profile for application of acid milling dyes
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In some cases wool fibers may exhibit a significant difference in their dye affinity
between the root and tip. This is mainly doeveathering of the tip, and results in a so called
tippy dyed wool. These fibers can be dyed with acid milling dyes. The addition-2fQ®
formic acid is needed in the dyebath after 30 minutes at the boil and then dyeing is continued
at the boil for aother 30 minutes. Faulty shades can be corrected by cooling the dyebath to
60-70°C and addition of prdissolved dyes for 5 minutes, and then returning to boil and

boiling for another 30 minute47].

Super milling, neutral or aggregated acid dyes

Their wash fastness is excellent due to the larger molecular size of dye. Dye anions
possess high affinity for the fiber even at neutral pH requiring a minimum amount of acid.
Dyeing is started at 60eC with ammonium ace!
5%) at pH 67. The temperature is then raised to the boil in 45 minutes, and dyeing is
continued at the boil for a further 45 minutes; these dyes exhibitlpeeling properties

because of their very high affinity and consequent high strike rate fo[2i®8r

The r.m.m range for this class of dyes is typically aroundBIID and the dyes
contain two or more solubilizing groups. The dyes contain an additional hydrophobic alkyl
chain that increases dy#er attractions via van der Waals forces, and therefore increases the
wash fastness properties. These dyes do not achieve level dyeings by continued dyeing at the

boil. They are suitable for the production ¢
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dye.Dyeing neutral shades with, for example, a trichromic yellow, red, and blue combination
will often lead to dichroic effects, which causes visible light to be split up into distinct beams
of different wavelengths, such shades are most often dyed with-coetalex dyes or
specifically developed compatible dye ranges instead. To achieved uniform dyeing and
reduce the rate of dyeing, sodium sulfate is added to reduce the ionic attraction between fiber
and dye, and allow sufficient time for substrdie liqua contact to produce uniformity of
shade. Normally a weakdyationic leveling agent, will complex with anionic solubilizing
groups on the dye and reduce the exhaustion rate. Another step to control dye uptake and
level dyeing is the use of aettbnor compands, such as ammonium salts, which will
breakdown to release ammonia at high temperature. However, the ability of ammonium salts
to reduce the dyebath pH is limited, hence esters or lactones are introduced to liberate more
acid and thereby produce a gexatirop in dyebath pH; these products are very useful in the
application of acid milling, 1:2 metalomplex, and reactive dyes to substrates such as knitted
garments [18]. A typical time/temperature profile for the application of sugéng acid

dyes isshown in Figure3.14 [283].
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Figure3.14. Typical time/temperature profile for application of acid super milling dyes

Selection of dyes is based on the fastness and levelness requirement of the materials.
Acid levelingdyes develop uniform shades wibhor wash fastness, while milling and super
milling dyes produce fast shades. If fastness needs to be improvedresfterent with metal
salts such as copper and chromium salts may be necessary, and in such cases dyes with
chelating sites are preferreldofvever, by becoming chelated, combination of the metal with
the dye may change the color of the dyed fiber). Parameters influencing the dyeing process

include electrolytes, acid, temperature, netlingagentd282].
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In the case of silk, acid dyes exhibit a lower affinity compared to that for wool,
therefore problems associated with unlevelness are not as pronounced. Super milling dyes
show very good fastness due to increased interaction between the dilee ditzbr. The
interaction between dye and silk varies on a case by case, dye to dye basis, and is affected by
the electrostatic (coulombic) attraction of acid dyes to the fiber (based on a Laitgmeuir
isotherm), and hydrophobic forces (such as thosergawy the bonding of disperse dyes on

syntheticfibers, based on a Nerrstpe isotherm)282].

Exhaust dyeing is widely carried out under neutral or acidic pH. Dyeingriedtat
4045eC foll owed by COOH(B4%p dnd NeBQ, (5-110%p ifi theCbhtth to
maintain pH 45. Dye is then added and dyeing is continued for 10 minutes. The temperature
thenisraisedto8 5¢e C over a peri od o ftemdpBratures redutes s ; d
s i | k @.Dyelngis dorginued for a further 3 minutes to promote diffusion of the dye
into the fibe to improve washand rubbingfastness. A thorough wash is needed to remove
superficial dyes. Strong acid dyes can alsopg@ied at pH 34 using 3% HCOOH (85%)
and 5% Glauberoés salt (whi chSOE4 6O d-8% um s u
HCOOH (85%) and 5% pH-8. Dye is then added and dyeing is continued to moderate wash
fastness, which can be improved by treatment with a cationifixdigg agent (24 g/l) at 40
50eC for 20 minutes. Aci d d¢ytairgg toppingwth fpasioor ¢ o0

dyes to produce level brilliant shad@s?].
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3.6.6.2Problems in dyeing with metatomplex dys

Metal complex dyes are suitable for dyeingneutralized carbonized and acrdlled
wool. They display excellent levelled dyeing and penetration characteristics, and have the
ability to cover irregularities in the substrate and yield dyeing on untreated wool of good to
very good light fastness and moderate to good wash fastness even in desp Fhadlyes
are commonly applied to wool in a strong acid dyebath (pH 2).The dyes possess excellent
migrating andleveling character. When uneutralzed carborded or acidmilled wool is
dyed, the HSQs content should be determined and the total quaetigcid used for dyeing
should be adjusted accordingly. Hard water may affect the quantity.®®Hequired,
chelating agents are unsuitable due tersgallization of some dyes. Prolonged boiling at
low pH can impart fiber damage, hence reduced amairtisSQOs or a proprietaryeveling
agent can be employed to avoid these effects. An example of a typical time temperature

profile for the application of metal complex dyes is shown in Figur® [47].
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90-120'

A 4% +1gF196% H,SO, (>1% o.m f dye)
4% + 0.7 g '196% H2S04 (<1% o.m.f dye)
5% Na,S0,
pH 1.8-2.1

B Neolan dye

Figure3.15. An example of a typical time temperedprofile for the application of 1:1

metatcomplex dyes (Neolan®, Huntsman)

Premetallized dyes

To avoid the complications associated with the reaction of metals with dyes
possessing chelating sites in the dyehouse itself, dye manufacturers in manguigss
premetallized dyes to the dyeing sector. A reaction of 1 atom of metal with 1 dye molecule
produces a 1:1 metabmplex dye. All the valencies of a metal are not coordinated with only
one dye molecule and so unsaturation exists in this dye camigading to possible
formation of 1:2 complexes which consists of one metal with two dye molecules. These dyes
are applied from a strongly acidic bath (8%S@y). Shades are bright and matching is

simple compared to mordant dyes, due to the absencduilireg effect caused by the weol
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chromium complex. Shades from light to heavy are easily produced with these dyes. Light
fastness is equal to that of mordant dyes with a slight deterioration in wash fastness. The dyes
are water soluble because of pregeoti SO:;H groups in dye structure. Dyeing at the boil
gives the final color. Figur8.16 shows the chemical constitutions of some typical metal

complex dyes [2].

The acid dose may be decreased by half by applying caten@ting agents such as
PalatineFast Salt O (IG), or Neolan Salt Il (Ciba), which are fatty alcatioylene oxide

condensates having a general formula of3-@EH;]x-O-[CH2-CH2O]-H.

The complex is adsorbed by the fiber at the boil and breaks down to release the
leveling agents. Thorogh washing and neutralization at the end of dyeing are essential to

remove acid from the fiber §)].
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Cl Acid Violet 90

Cl Acid Black 60

Figure3.16. Chemical structures of 1:1 (CI Acid Blue 158) and 1:2 metal complex dyes (ClI

Acid Violet 90 and CI Acid Black 60)

Exhaustion of 1:1 metaomplex dyes from a neutral bath is not high and dyeings
generate poor rubbing, milling, and light fastness properties. Strong acidic pH conditions
damage wool, and because of the higher water solubility of the dyes conteh@xig
groups, dye exhaustiois poor; being salts of strong acids, these dyes have too little

substantivity for the fiber [@2].
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The 1:2 metal complex dyes are simple to apply, with shorter dyeing times and
exhibit good levelness. The dyes possess excellent-tadtiess propertseand shades are
reproducible. They ionize in water, though their solubility in water is lower than their 1:1
counterparts. Inclusion of water solubilizing groups suchS{®-CHs, -NHCOCH; or -SCs-

CHz improves dye solubility in the bath. The dyes are iadpirom mild acidic or neutral
dyebaths. The degree of exhaustion and wash fastness are functions of the molecular weight

of the dye which is around 60092.

The degree of dye migration depends on the nature of dye and fiber and on dyeing
temperatureb ei ng hel d bel ow 82e¢C, beyond which
exhaustion depends on pH, temperature, and agitation of the dyebath. An optimum pH of
about 6.5 at the boil may be sufficient for level dyeing with maximum dye uptake. To
increase theate of dyeing, pH may be lowered to 4 or below and due to their poor migrating
properties, agitation is needed from the start of dyeing to ensure an even distribution of dye
on the fiber. Matching of shade and required addition of dyes may be donebail tatter
adding ammonia to raise the pH to slow down the rate of exhaustion. Electrolyte alone is not
capable of imparting a retarding l&veling action without the presence l#veling agents

such as Lyogen® (Archroma), which help promotelévelingeffect [282].

For silk 1:2 metal complex dyes are the best choice for dyeing at 90°C in presence of
either acetic acid alone, or in a combination with ammonium sulfate (5%). Presence of

ammonium sulfate as a buffer increases dye uptake significantlyr-tAdment with a
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cationic dyefixing agent (24 g/l) at 405 0 e C -RPOominutds Helps improve wash fastness.
Metalcomplex dyes adsorbed on silk inhibit little, if any, migration on the surface of the
fiber, due to the high stability of the dyiber linkages, and ofteproduce dull shades with

good light and wash fastnesS8R.

Chrome (nordanj dyes

A mordant is a simple chemical which possesses affinity for both the fiber and the
dye. If a dye has less or no affinity for the fiber, then the application of a mordant may
improve the affinity of that dye and makes a -giyerdantfiber complex. Mordants are
basically metal salts (such as those based on chromium) and electrically cationic, in contrast
to all acid dyes which are anionic in nature and whose affinity is inctegreatly for the
fiber when the mordant is applied before the application of dyes. Various natural dyes are
also applied on wool with the help of a mordant (e.g. alum, chrome, iron, and tin salts).

Brighter colors and better fixations are obtained onlpteymordanting282].

Poor wash fastness of dyeings with acid dyes (specificallyleealing dyes) is due
to the smaller size of the dye molecules and the relatively weak ionic attachments
established. Mordamg before, after, or concurrently with the dyeing process can
significantly improve the fastness properties of these dyes, but substantially alters their shade
compared with that of the dye alone. Depending on when mordants are used, chrome dyeing

method are classified as eshrome, metahrome, and aftechrome processes. These are
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described in the following sectiof232].

T Al Aon chromeo methods are a two ba&ath pro
lot of material is chromed, washeff, and dyed in a day. They are more suitable for
light and medium shades. In contrast, matching of colour is relatively easy, regular
building of shade occurs and no sharp changes in shade of the material duriggadyein
observed282).

1 The metachrome method is suitable for milling and sup#gling acid dyes with
chelating sites, which exhaust well at pH aroun®.6. Dye and mordant are
simultaneously applied from the ma bath with no initial reaction. Once they are
exhausted on the substrate, thgerdant reaction results in the development of the hue. If
conditions are not maintained properly during exhaustion, dye and mordant will react in
the bath resulting in the pipitation of the compound. Pretreated wool is treated with
chromemordant (25 %) , Gl a u{d®@4), amsl susfacthnt (0.% dil), at a temperature
of 4050 e C, for a period of 20 minutes. Di s
raised to the boil over a period of 45 minutes and dyeing is continued at this temgperat
for 60-90 minutes. Exhaustion may be improved by addingl@bacetic acid (40%) or
0.250.5% formic acid (85%) 30 minutes before dyeing is completed. Ammonium sulfate
may be substituted with ammonium acetate when using dyes known to cause uneven
dyeing. CrQ is reduced to GOs by wool during this process. This method is a single

bath process and gives a higher rate of production. Shade matching is easier because the
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final shade is produced during dyeing. Chromium in its chromate form does not form a
ligand with the dye, so dye and mordant can be applied from the same bath and
maintaining a pH of 6:8.5, helps minimize damage to wool. Dull shades, which are
mostly due to reactions with iron or copper, are not common. However, the range of
available shdes is limited because only a few dyes are suitable for application via this
method. Uneven dyeing cannot be rectified, and in deep shades dye may exhibit poor rub
fastness due to the precipitation of dye on the substrate. Due to the high pH value,
exhausion of dye remains incomplete, particularly with deeper shades, thus black, navy
blue, and other deep shades are seldom dyed via this nj2&#d

The afterchrome dyeing method is the most widely used teahmaguhe application of
chrome dyes to wool. In fact, until the last decade, chrome dyes applied by this method
had the greatest sales of any wool dye class. The reasons for this situation are that
afterchrome dyeing produces better fastness than eitteehpme or metachrome
methods and have no restriction on dye selection. Additionally, the application process
can be carried out in one bath, which provides savings in time and energy when
compared with the prechrome method. The main disadvantage ahaftee dyeing is

that the final shade is not developed until the chroming stage is completed. It is not
possible to add further chrome dye to adjust the shade, unless the addition is followed by
yet another chroming process. As this would be impracticale@ for very major

adjustments, shading additions are often made with milling or 1:2 -cwatgblex dyes.

228



These products will have sufficiently good wet fastness properties at the low levels
employed, but it must be ensured that the dyes used do amantvith dichromate or

trivalent chromium ions present in the dyebath. The dyeing process is slightly modified
from the traditional method in order to ensure shade levelness and reduce the
concentration of residual chromium. The addition e€kO7 (1-2%) in the same bath at
6080e C before any formic acid provides an
exhaust uniformly. At low pH, dichromate ions have a strong affinity for the wool fiber,

and if added at pH 3i8.8, they might exhaust too rapidly, l&agl to unlevelness. By

delaying the addition of formic acid, this issue is overcome and shade levelness is more

readily achieved, which is particularly relevant in yarn and piece dy4if282].

In the case o$ilk, the absence of reducing groups such as the thiol groups which can
be generated in wool by the reduction of its cystine bonds, can be overcome by using basic
salts of chromium to form dyehromium complexes. The dyeordant reaction or chelation
requres presence of sdthirming groups, such as hydroxy or nitroso groups as well as the
presence of oxygenor nitrogen containing groups, such as carbonyl, carboxyl or azo
groups [B2]. Hence, a longair electron can be donated to the chromium atom.dlee
bath is set wup with Gl auberds salt (10%) an
50eC and silk is entered in the bath, t he t
after which formic acid (2%) is added for complete exhaustioneotijfe. Dyeing continues

for another 15 minutes and then the silk is dried without washing. Mordanting is done with
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3% mordant for 1.5 hours at 30eC foll owed
required depends on the number of dye moleculeserfiltler as the chelation occurs at a
stoichiometric ratio. However, due to formation of dull shades and deposition of chromium
silk is imparted with a degree of rigidity and loss of its characteristic scroop, and the
rustling/cracking sound produced byilk $abric when it is handled. Mordant dyeing is thus

restricted in the case of silR82].

Most dyeings with mordant dyes use a tbath or twestage process and produce
shades lacking in brightness. Shade geancan cause matching issues. Other issues include
maintenance of pH and poor rubbing fastness due to deposition of a part of the complex on

the dyediber surface. Dyes suitable for various chrome methods are as fqR8&|s

1 CI Mordant Black 11, e.g. Eriochrome Black T (Bluish black); Cl 14645

1 CI Mordant Black 9, e.g. Chrome Black PV (Black); CI 6500

1 CIl Mordant Red 7, e.g. Chrome Red B (Bluish red); CI 18760

1 CI Mordant Brown 33, e.g. Acid Chrome Brown RH (Me&lish brown); Cl 13250

1 CI Mordant Orange 6, e.g. Acid Chrome Orange G (Reddish orange); Cl 26520
1 CI Mordant Green 17, e.g. Acid Chrome Green G (Bluish green); Cl 17225

1 CI Mordant Blue 3, e.g. Chrome Cyanine RLA (Bright reddish blue); Cl 43820
1 ClMordant Rd 9, e.g. Chrome Red B (Bluish Red); Cl 16105

1 Cl Mordant Red 19, e.g. Chrome Red 5G (Bright red); Cl 18735
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1 CI Mordant Yellow 8, e.g. Chrome Yellow 3R (Reddish yellow); Cl 18821
1 CI Mordant Yellow 10, e.g. Chrome Yellow 2G (Greenish yellow); Cl 14010

1 CI Mordant Violet 28, e.g. Omega Chrome Brilliant Violet B (Bluish violet); Cl 43570

To summarize chrome dyes behave similarly to deikeling dyes. They are
relatively easy to apply to all wool substrate types and produce good shade levelness.
Chrome dyes werused to provide the highest wash fastness on wool, before the introduction
of reactive dyes. Lack of brightness is one of the disadvantages of chrome dyes, however due
to their relatively low cost, good fastness, and general dullness of shades, theyaivdye
used in the production of navy, black, and dark brown shades on wool. Among disadvantages
of chrome dyes are the required long dyeing times, damage caused to fibers, and most
importantly the discharge of chromium salts. Traditional application adstlof mordants
included prechrome and metahrome, however, the aftehrome process is now almost
universally used. The aftehrome dyeing produces better fastness than the other two
methods, however the main disadvantage of -&tteome dyeing is thahe final shade is not
developed until the chroming stage is completed. Therefore, it is not possible to adjust the
shades by further addition of chrome dyes, unless the addition is followed by another
chroming process. An example of a typical time terapge profile for the application of

chrome dyes is shown in Figusel7 [47].
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Figure3.17. Typical time/temperature profile for the application of chrome dyes according to

the afterchrome process

The addition of dichromate at 70°C before any fornuitl gorovides an opportunity
for the chroming agent to exhaust uniformly. At low pH, dichromate ions have a strong
affinity for the wool fiber. By delaying the addition of formic acid, shade levelness is more
readily achieved which is relevant in yarn anécp dyeing. Levelness in chroming may be
overcome by chroming in a fresh bath starting ab@®C. This method produces greatly

reduced chromium effluent residuds].

Low-chrome dyeing is a method that is proposed to minimize the levels of residual
chramium (VI) in effluent. However, even with the best methods, the level of extractable
chromium (l11) is insufficient to meet the requirements of some eco standards such as Oeko
Tex 100 B7]. However, a brief description of several approaches fordom@medyeing is

given below;
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Minimizing the discharge of chromium by reducing the amounts added to the bath is a
safe approach. The minimum amount of dichromate can be calculated based on dye
concentration. pH of the chroming process is maintained in the r&3®28 at which

the lowest residual amounts of both chromium (lll) and chromium (VI) are obtained.
They press is carried out at 92°C followed by cooling the exhausted dyebath to 80°C to
increase exhaustion§3].

Rinsing and alkaline aftertreatment bmthan significantly contribute to discharged
chromium levels [85].

Addition of reducing/complexing agents, such as sodium thiosulfate and lactic acid, to
the chroming bath can also minimize the residual chromium levets2B7].

The use of sulfamic acitb replace formic acid in the chroming bath has been proposed
as an alternative approach to reducing chromium lev8Hg.[2

Dyeing and chroming at 90°C is reported to be beneficial in terms of reduced fiber
damage when comparing to conventional dyeingdmdming at the boil [29].

Alternative mordants, such as rare earth salts (neodymium and cerium chlorides may be
applied prior to dichromate. The dyare earth complex is converted to the chromium
complex, which allows very low additions of dichromaté¢oemployed [20].

Chromium (lll) salts may be employed wi#ti hydroxycarboxylic acid ligands to form

anionic complexes which are substantive to wool fiberg][29
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3.6.6.3Problems in dyeing with basic dyes

Basic dyes possess a cationic group in their strestwhich enables them to react
with the anionic groups available in protein fibers and form electrostatic bonds. Basic dyes
show good affinity for protein fibers due to the presence@OOH gr oups i n t he
polymeric chains. Dye cations form ionicriats with these sites. Whé@OOH groups in the
fiber are ionized, negative sites are developed in the fiber which are attractive to cations of
basic dyes. Because the cousiter in basic dyes is generally the chloride ion, the following
happens:

Dye+Cl- + FiberCOOH Y D FieerCOO- + HCI

HCI is formed as a bproduct which retards the reaction between dye and fiber and
improves dyeing levelness. Protein fibers retain moistu®©)Hvhich on reaction with
atmospheric oxygen produces®i and this in turn widizes the dye[280]. These dyes
possess high tinctorial values, are soluble in weakly acidic baths, and give brilliant shades.
However, they show poor light fastness and moderate wash fastness. Their @lvdigtt
with anionic dyes extends the use of basic dyes in topping on direct dyed textiles. In dyeing
silk with basic dyes poor light fastness with pale shades is obtained. Colored cations do not
react with the protonated amino groups in fibers when dyeginacidic bathg280,292].
Examples othe chemical constitutions of some typidasic dyes are shown in Figure 8.1

[28].
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Figure 3.B. Chemctal structures of some tygal basic (cationic) dyes

An example of a typical time temperature profile for the application of basic dyes is

shown in Figure 4.9 [23].
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Figure3.19. An example of a typical time temperature profile for the applicatidrasic

3.6.6.4Problems in dyeing with direct dyes

dyes (Astrazon®, DStar).

Direct dyes are mainly applied on cellulosics, but are also suitable for dyeing wool

and silk. These dyes exhibit good light fastness but poor wash fastness due to the large size

of dyemolecules which have good water solubility. This can be improved with suitable after

treatments. Bright shades are not available in this series. In comparison with vat, metal

complex, acid, and basic dyes, direct dyes are advantageous since they arayrelat

inexpensive, follow an easy and short application method and in some cases exhibit good

light fastness properties. The cost of auxiliaries for these dyes is low, water usage is
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relatively low, and electrolyte levels in effluent are also much lowstpared to some of the
other dye classes. Examples of chemical constitutions of typical direct dyes are shown in

Figure3.20[28].
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Figure 320. Constitutions of typical direct dyes. 1, Cl Direct Red 16 (2§68, Cl Direct

Blue 93 (22810); 3, CI Direct Green 28 (14155); 4, ClI Direct Blue 106 (51300)
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If hard water is used, a chelating agent such as ethylemeine tetraacetic acid
(EDTA) is used to remove the calcium and magnesium ions. Dye moleculeagxiyge
aggregates and during dyeing these aggregates are broken down to promote dye uptake and
level shades. Dyes retain negative charges in the bath and tfibetymteractions are of
various types including #onds, van der Waals forces and ionic dsnvith positively

charged protein fibers. Factors influencing dye uptake include the follg2&2}

1 Temperature;

T pH;

1 Electrolyte;

1 Liquor ratio;

1 Time of dyeing; and

1 Affinity of dye.

Protein fibers contain NH2 and i COOH terminal groups at opposite ends of the
polypeptide chains. When wool or silk is dipped in an acidic bdtlij. groups are
protonated to formi NHsz" and dye anion (DySOs) react withi NHs™ groups to establish
ionic bonds. Thus direct dyes cagact with protonatedNH2 groups of fiber to form ionic
bonds. Dyeing rate is high and electrolyte needs to be added at the beginning of dyeing to
retard the dye uptake and form level shades. Direct dyes produce fast but dull shades on wool
and silk. Concetration of electrolyte depends on the depth of shade to be developed, for

example282):
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1 5 gf for light shades;
1 10-20 gl for medium shades, and

1 30509l, (O 3%) for deep shades.

In the case of silk, the dyes are attached by electrostatic bonds to protonated amino
groups {NH3z") of thefiber while the dye anion (RS may also form hydrogen bonds with
thefiber. Direct dyes generate higher light fastnem acid dyes, and some shades possess

excellent brightness even without aftexatment$282].

Direct dyes which are poorly exhausted at neutral pH are applied in presence of
CHsCOOH (25%) and NaSQs (10-20%) . Dyeing is started at 40
then raised to 90eC a6ddin dlyeasemfgammosiuncacetateiorn u e d
sulfates in place of acid produces good levelness of shades. Focdiglets dyeing is
started in a weakhalkaline dyebath containing NaCIl-60 %) at 445enld. Féror 30
medium and deepolors dyeing is carried out in the presence of acetic acid (5 g/l) and

NSO, (102 0 %) at 40eC for 15 mi eOmin2B2.t hen r ai sed

For the application procedure of direct dyes for wool and cotton blends, both wool
and cotton portions of a blend can be dyed in a single dyebath using a mixture of direct dyes
and acid dyes to generate a wide range of shades. Degendthe dye structures, direct
dyes alone can be used to dye both fibers. When producing heavy shades with direct dyes,

|l arge quantities of Glauberds salt fupg to 6C(
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color on cotton. Cooling the dyethato 60°C prior to rinsing can improve uptake of dye on
cotton parts. The use of a blocking agent is recommended to minimizestaivssg the
wool by direct dyes. These auxiliaries are normally large molecular weight aromatic
sulfonates which exhaust do the wool and restrict the uptake of direct dye. High wash
fastness can be achieved through afteatment at 50°C with selected fixing agents, for
example Indosol® (Achroma) fixing agents [18]. An example of a typical time temperature

profile for the application of direct dyes is shown in Fig8r&l [28].
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Figure3.21. Typical time/temperature profile for the application of direct dyes
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3.6.6.5Problems in dyeing with reactive dyes

Reactive dyes give bright coolers with good color fastness to washihgoaal light
and perspiration fastness properties because of the reaction of the dye witHthgroup
of the fiber. Silk should be thoroughly degummed before dyeing otherwise any residual
sericin may react with the dye and create poor wash fastnelsscafilbe dyed by either
alkaline or acid dyeing methods. In the alkaline method, the dye bath is comprised of
dissolved cold reactive dye and NaCl (10%). Dyeing is carried out at room temperature for
30 minutes after which the temperature isslowlyraised 50e C and dyeing i s
further 30 minutes. Fixation is done by adding:Cl@ (6-8 g/ | ) at 50eC. E
reactive groups present in various dyes applicable to protein fibers are shown in FAgure 3.

[29].

F
Cl
Br ﬁN
Dye—NH—CO—C=CH, Dye—NH N/)\F

Bromeacrylamido Difluorochloropyrimidine (DFCP)
Ha
Dye—S0,CH,CHaOSO3Na  Dye—SOs—CH,CHa—N—CH,CH2S04Na
Sulphateathyl sulphone* N-Methyltaurine ethyl sulphone*
{*give vinyl sulphona)

Figure 322. Types of reactive groups used in dyes for protein fibers
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Reactive dyes produce very bright shades on wool with moderate to good light
fastness (&) and good wash fastnessb4Affinity of reactive dye for wool is very high
which canpose problems for the production of level shades.-oform initial adsorption
of dye on fiber must be avoided with addition of nonionic surfactants:fikiyg agents are
only applied during the last wash to avoid staining and to improve wash fastimess.
dyebath is prepared with dye;526, acetic acid (30%) and nonionic dispersing agent (2%).
For light shades, ammonium acetate or ammonium sulfaB8ojlmay be used instead of
CHsCOOH. Wool is entered in the bath and the temperature is raised9c8S¢bver a
period of 45 minutes. The process gives excellent results on woolen yarns in package form as

well as on knitwear [24].

Vinyl sulfone dyes exhibit excellent light and perspiration fastness with maximum
fixation at pH 78. Dye sorption is not depdant on the number of protonateH2 groups
on silk. Addition of electrolyte improves both exhaustion and fixation of dye while addition

of urea decreases the rate of fixatiofg]2

Bromo-acrylamido dyes give bright shades, high reactivity, and goedralind
fastness. In the cold pdmhtch method, silk fabric is padded with dye solution containing
sodium alginate (10 g/l) and 2Oz (pH 10) and stored for 24 hour at-350 e C, wher e
average fixation of 8@0% is achieved. In continuous dyeing procegsdded fabric is
steamedfor2minat1ldD02e C f or fi xati on. The fixation

are the two important factors that determine the wash fastness of dyei@@821296|.
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A specific class of reactive dye systems was develogedh in dyes do not fix to
wool fiber until the bath is raised to the boil or until the bath is made alkaline during an after
treatment to achieve improved levelness. Lewis9[2roposed a twstage method for
dyeing wool with all types of reactive dyedereby the initial levetlyeing period is carried
out under acidic conditions, during which controlledidijeer reaction occurs; then, as soon
as a bath temperature of 100°C is reached, the acid disappears from the system through a free
radical decompgition reaction. Such a decomposition of the acid is advantageous in that it
occurs in a progressive and levelled manner throughout the dyebath and fiber mass. The
neutralization of an acid bath using alkalis can lead to uneven results, due to unequal
absaption of the alkali by the wool fiber. Trichloroacetic acid is a very strong acid capable
of producing pH values below 2. It decomposes in water at about 100°C to give free radicals.
Since the chloroform and carbon dioxide produced are volatile, thesajpidly removed
from the dyebath. The strong acidity of trichloroacetic acid is attributed to the combined
inductive effect of the three chlorine atoms (which gives almost complete dissociation of the

proton flom the carboxylic acid group) [#7

In the cas of silk, reactive dyes produce bright shades with good+hght-, and
perspiration fastness, due to their reaction witliH> groups of the fiber. A covalent bond is
formed between the reactive groups of the dye and nucleophiles in the fiber. Wsitkhted
can also be dyed, but color builgh is poor. Maximum fixation of dichlorotriazine dyes on

silk occurs in weakly acidic medium at®Dover a period of 2 hours. Dye uptake depends

243



on freei NH2 and-NH groups of histidine, and fixation can be incexhdy afteitreating

with 2% aqueous pyridine or 1% sodium bicarbonate to enhance reaction of dye with
hydroxyl groups of tyrosinegesr i n e, and threonine. Sil k coul
pH 5.6 in presence of M&aO: (4 g/l). These dyes can also be applied at low temperature in
padbatch method, in which fabric is padded with dye solution at pH 8 and then treated for 5
hoursak0-22eC, foll owed by cold and hot wash, so
cold wash 285]. An example of a typical time temperature profile for the application of

reactive dyes is shown in Figuse3 [297].

100°C 60min

SLRIINNE

25p

p1oe 2120e

washing drying

-+

Figure3.23. Typical time/temperature profile for the application of reactive dyes

3.6.6.6Problems in dyeing with vat dyes

Vat dyes are water insoluble and nonionic. They are converted to leuco compounds
by reduction followed by solubilization with alkaliigare 3.24 shows the structure of Cl Vat

Red 42 dye together with its leuco and acid forms as well as the structure of Cl Vat Blue 4
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dye as typical examples that can be applied to protein {iB&}s

0  NHCOCgHs

|
O  NHCOCgHs
1

OH NHCOCgH: 0
9P 9409
XN NH
H NHCOCgH: O HN___ P
3 |
=

Figure 324. Cl Vat Red 42 (1); leuco compound formed by reduction (2); vat acid formed by

protonation of the anionic leuco derivative (3); Cl Vat Blue 4 (4)

After dyeing, the insoluble parent dye structure is recovered by oxidizing the leuco
form within fiber where the dye molecule is trapped in situ and may establish linkages with
the fiber through Fbonds and van der Waals forces. The sublimation temperature of the dyes
is very high and they exhibit excellent fastness properties. Vat dyes, however, argexpe
and only a limited shade range is available; some of the yellows, browns, and oranges have

marginally poor light fastness. Application of vat dyes is restricted to silk, due to the very
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high alkaline pH of the dyebath, which may also damagefditieibath is heated yg98g].

The optimum conditions for vat dyes application with 50:50 wool/cotton blends is the
use of 4 g/l caustic soda and 4 g/l sodium hydrosulfite at 40°C for 45 minutes, under more
sevee conditions the wool portion of the blend will be damaged. Oxidation is carried out at
40°C for 15 minutes with 3 g/l of sodium perborate, percarbonate, or persulfate. The blends
are finally given an acid scour and soaped at the boil, if the dyeing-&hade, the wool
component can be adjusted in shade through the addition of selected acid dyes todffe soap
process47]. An example of a typical time temperature profile for the application of vat dyes

is shown in Figur&.25 [28].

Temperatureg' °C

1 Add NaOH and hydros
2 Add vatted dyes
3 Add salt

Time/min

Figure3.25. Typical time/temperature profile for the application of a quinone vat dye
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3.6.6.7Problems in dyeing with natural dyes

Natural dyes produce only moderately bright shades on mulberry silk, but deep
shades can be produced on Tussah, spun, and on silk that showsnsanatexture due to
hand reeling. The natural dyes usually require a mordant to make the color permanent. A few
dyes have good light and wash fastness; however, some of the mordants used are harmful to
silk [299]. Coloring matters are extracted from roots, stems, leaves, barks, and flowers of
various plants as well as from certain insects and -8kbllby an elaborate series of
processesFigure3.26 shows the structure of indigo which is the most widely used natural

dye in industry{30Q.

Figure 326. Indigo, the most widely used natural dye

Bright shades are produced with turmeric, berberis, dolu (yellow), annatto (orange),
and henna (brown). Substantivity of these dyes for silk could be partly due to thecprete

tannins which act as natural mordants. Dye assistants include the fol[@80282]:
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1 Acetic acid; to neutralize calcareous water;

1 Cream of tartar; to brighten colors when usedhwibrdants;

1 N&aSQ: to control level dyeing; and

1 Use of boiledoff liquor; causes the coloring matter to be attracted more slowly and

evenly by silk and helps to preserve luster, as it contains sericin.

Dyeing silk with logwood black is popular, due to thesauty and bloom of the shade
along with increased weighting which results in heavier yarns with fuller handle. Wash
fastness is very good which can further be improved by-aftatment of dyeings with
K2Cr07, N&Cr.07, or CuSQ [282,301], although some of these treatments result in shade

change which needs to be taken into account

Optimization of dye selection

Commercial dyes are not pure products and contain diluedtsthar additives. They
may also contain shading components: other dyes that may be added to ensure that the
particular batch matches the standard shade for the dye, within specified tolerances.
Commercial dyes may also be mixtures of individual produds have been produced to
meet a specific shade, fastness or application requiredignt [

The development of dyes that provided similar dyeing properties in a compact range
covering a wide shade gamut has been pursued by dye manufacturers since ttecattey

of the 20 century. Dye ranges comprised products that were either individual dyes or specific
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mixtures and which had similar dyeing and fastr@eperties A benefit of such dye ranges
was their ability to be applied, with specifically seleckeklingagents, at the optimum pH
for minimum wool fiber damage (around pH 4.5). The advantage to the wool dyer was that a
full range of shades could be produced with a compact range of dyes from the same
manufacturer and with the same application prot&sall shades. The advantages included
reduced dye inventory and simplicity of process selection. Typical commercial classes
included Lanaset® introduced by Huntsman, and Optilan® MF from Archréa [
In order to improve the reproducibility of dye comdtions the following

characteristics should be carefully examined;
1 Robustness: Dyes should not be affected by slight changes in processing conditions for

example pH, liquor ratio, temperature, or time.
1 Compatibility: Dyes should function in combinatios # they were applied as single

dyes
9 Stability: Dye should be not readily influenced by contaminants in the water supply or on

the substrate
1 Consistency: Dyes should be insensitive to slights change sin substrates quality

Dye selection is based on dye fmgmance and costffectiveness. Obtaining a

complete color gamut that can be matched on any one substrate using the minimum number
of dyes is a major consideration in dyers?©o
selection should be based on dy@mbinations and crosgaining for each fiber type and

compatibility between dye classes, chemicals, and auxiliaries should always be examined.
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Color matching is normally achievable with three dyes, however; fmufive-membered
combinations are occasally necessary to meet a difficult degree of metamers. Depending
on the class of dyes and the desired color gamut, matching methods can be based on the
following approaches30Z;
1. A trichromatic combination of bright dyes plus a small range of stgyas compatible

with the main trio
2. Internal primaries such as a brown color may be matched with yellowish, reddish, and

mid-brown components with color coordinates close to the target
3. A dye close in hue to the target color plus small amounts opatible shading dyes

Color mapping can be a useful aid in dye selections. Interrelated factors in dye

selection include substrate related parameters (e.g. substantivity, ease of penetration,
coverage properties, etc.), machine characteristics (flow @i, of substrate movement,
etc.), application techniques to achieve level dyeing properties, and fastness properties (to

subsequent processing, effect of chemical finishes, andsmndequirementsp2].

3.6.6.8Summary and solutions to problems in dyeing

A summary of problems due to dyeingith various dyesas well as a list of

recommended solutions is given in TaBl#6-3.21.
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Table3.16. A summary of problems in dyeing with acid dyes and recommended solutions.

Problem Possible caus; Reasons and Countermeassur
Use of /super
General
milling acid | Use /milling acid dyes, develingacid dyes.
unlevelness
dyes
Inadequate
fastness (washing Poor wash | Change to milling acid dyes, super milling acid

rubbing, fastness: Use dyes. If levelness and fastness are both required
perspiration, of leveling | then aftertreatment with metal salts, and dyes wit
chlorine, and acid dyes | chelating sites are preferred.
light)
Super milling dyes: Dyeing is carried out at neutr
Adverse changes or acidic pH, startat48 5e C f ol | owe
in appearance Too high | of CH:COOH (24%), and N&SQ: (5-10%) in bath
(Cracks, creasing temperature: | to maintain a pH-%. Dye is added and dye

felting in the
dyeing of wool
and dimensional

instablity)

Reduce lustre
appearance o

silk.

continues for 10 min. Temperature is raised to 8C

85eC in 45 min. Dyeing
beyond this reduces silk lustre. Dyeing is continu
for further 3690 min to promote diffusion of dye

into fiber improving wash and rubbing fastness.
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Table 3.17. A summary of problems in dyeing with metmplex dyes and recommended

solutions.

Problem | Possible cause Reasons and Countermeasures

The degree of migration depends on temperature
(bel ow 8n2wehh it deceegses), nature of

dye andiber.

Rate of exhaustion depends on pH, temperature,
agitation of the bath. An optimum pH around 6.5 3
boil may be sufficient for level dyeing with

maximum dye uptake. To increase the rate of dye
Use of 1:2
General pH may be lowered to 4 or below.
metatcomplex
unlevelness Due to poor migrating power, agitation is needed
dyes

from the start of dyeing to evenly distribute dyes.
Matching of shade and required additions may be
done at the boil after adding ammonia to raise the
to slow down the ratef exhaustion. Salt alone is ng
capable of any retarding tavelingaction without
the presence dévelingagents, e.g. Lyogen®

(Archroma) helps promote thevelingeffect.
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Table 3.17 (continued)

perspiration,

Problem Possible cause Reasons and Countermeassir
Inadequate
fastness Poor rubbing,
(washing, milling, light Use dyestuffs which have good light fastness, fo
rubbing, fastness: Use of example:Leveling acid dyesl:2 metal complex

1:1 meta

dyes

chlorine, and| complex dyes
light)
1:2 Metalcomplex dyes adsorbed on silk inhibit
marginal migration due to high stability of the dyi
fiber linkages and produce dull shades with gooc
light and wash fastness. Dye silk at 90°C in
Use of 1:2 metal| presence of either acetcid alone, orin a
Dull shades

complex dyes.

combination with ammonium sulfate (5%).
Presence of ammonium sulfate as a buffer incre|
dye uptake significantly. Aftetreatment with
cationic dyefixing agent (24 g/l)at 465 0 ¢ C

15-20 min helps improve wash fastness.
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Table 3.18. A summary of problems in dyeing with reactive dyes and recommended

solutions.
Problem | Possible caus Reasons and Countermeasures
Nonruniform initial absorption of dye oftber must be
Use of
controlled with nonionic surfactants. Dfiging agents
reactive dyes,
are only applied during the last wash to avoid stainif
affinity of
and to improve wash fastness. Bath is prepared with
reactive dye
dye, 30% CHCOOH (25%) and nonionic dispersing
General for wool is
agent (2%). For light shades, EOONH; or
unlevelness| very high
(NH4)2SQ4 (1-3%) may be used instead of §EOOH.
posing
Wool is entered in bath as temperature is raised-o
problems on
95eC over a period of 4
productionof
excellent results on woollen yam package form as
level shades.
well as knitwear.
Inadequate Silk can be dyed in either alkaline or acid conditions
fastness Poor wash | the alkaline method, dye bath is comspd of dissolved
(washing, | fastness: Use cold brand dye and NaCl (10%) at room temperatur
rubbing, of reactive | for 30 min after which temperature is slowly increasi
perspiration,| dyeswithsilkit o 50eC and dyeing is ¢
chlorine, and Fixation is done by adding NaOs
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Table 3.18 (continued)

Problem| Possible cawes Reasons and Countermeasures

68 g/ 1) at 50eC o0V affecteddy
addition of dye to the alkaline bath. A final wastf with
light) soap or a synthetic detergentat®® e C c o mp | ¢
process. Hot brand dyes can be used indheesvay, but

the fixation temperature

Maximum fixation of dichlorotriazine dyes occurs in
weakly acidic medium at ¢
depends onréei NH2 andi NH groups of histidine,
fixation can be increased by afieeating with 2% aqueou
Use of reactive| pyridine or 1% sodium bicarbonate to enhance reactior
Poor | dyes: Building | dye with hydroxyl groups of tyrosine, serine, and
colour | upofshadeis|t hr eonine. Silk coul dpHb.@

yield | not satisfactory| in presence of N&Qs (4 g/l).

with silk. These dyes can also be applied at low temperature in [
batch method, in which fabric is padded with dye soluti
at pH 8 and then treated for 5 hour at2@ e C, f o
cold and hot wa s1bminwith afimal f

cold wash. Impregnatiniijpers 1 n di et hyl |
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Table 3.18 (continued)

Problem

Possible cause

Reasons and Countermeasures

for 10 min while heating followed by treatment with

base increases the percent fixation of dyes.

Table 3.19. A summary of problems in dyeing with chrome (mordant) dyes and

recommended solutions.

Problem | Possible causg Reasons and Countermeasures
Dye Complete exhaustion may be obtained byirgl@.5
precipitation, | 1% of CHRCOOH (40%) or half the amount of
General
use of HCOOH (85%), 30 min before dyeing is completed.
unlevelness
metachrome | (NH4)2SQs may be substituted with GBOONH;
dyes when using dyes known to cause uneven dyeing.
Inadequate Poa rub
Pretreated wool is treated with chrome mordant (2
fastness | fastness: Dye
5%) , Gl au{4), éusfactara (0.5 g/l) & 40
(washing, | precipitation,
50eC, for 20 minutes. D
rubbing, use of
temperature is raised to the boil over aqutof 45 min
perspiration,, metachrome
and continued at temperature for®0 min.
chlorine, dyes.
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Table 3.19 (continued)

Problem | Possible caus: Reasons and Countermeasures
Conditions are
not maintained
properly
during
exhaustion, | Maintaining at pH 63.5 helps minimize damage to wo(
and light)
dye and too.
mordant will
react in the
dyebath and b
precipitated.
Dye bath is set wup with
Use of
acid (4%). Temperature i
mordant dyes:
entered in the bath, ten
Dulling effect
30 min after which formic acid (2%) is added for
Dull shades| caused by
complete exhaustion of dye. Dyeingntinues for
wool-
another 15 minutes and then dried without washing.
chromium
Mordanting is done with a 3% solution of mordant for
complex.
hours at 30eC foll owed b
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Table 3.19 (continued)

Problem | Possible caus: Reasons and Countermeasures
of mordant required depends on number of dye
molecules orfiber as the chelation occurs at
stoichiometric ratio.
Adverse Dye bath is set wup with
Use of
changes in acid (4%). Temperature i
mordant dyes:
appearance entered in the bath, ten
Deposition of
(Cracks, min after which formic acid (2%) is added for complet
chromium on
creasing, exhaustion of dye. Dyeing conties for another 15 min
silk imparts
felting in and then dried without washing. Mordanting is done V|
rigidity to it
the dyeing 3% mordant for 15 hours
with loss of its
of wool and and dryingamount of mordant required depends on
characteristic
dimensional number of dye molecules diber as the chelation occur
drape
instability) at stoichiometricatio.
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Table3.20. A summary of problems in dyeing with direct dyes and recommended solutions.

Problem | Possible causi Reasons and Countermeasures

Dyeing to light colours: start in a weakly alkali dyebath
containng soap (2B%) and NaCl (5.0%, as retarding

agent).

Dyeing to medium and deep colours is done in the
presence of N&x (102 0 %) , dyei ng i S
and slowly raisedto99 5¢e C and mai nt a
temperature for 1 hour. Dyed materials are rinsed in we
water and treated withGB OOH (5 g/ 1) ¢

General Use of direct

min.
unlevelness dyes

Add electrolyte at the beginning of dyeing to rdteye
uptake and form levelled shades. Concentragfon

electrolyte depends on shade to be develope@xample:

30 g/l for light shade

10-20 g/l for medium shade

30-50 g/l, (>= 3%) for deep shade

Inadequate] Poor wash | Use good wash fastness dyes, e.dampwithsuper
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Table 3.20 (continued)

Problem

Possible caus

Reasons and Countermeasure

fastness (washing, rubbing,

perspiration, chlorine, and light

fastness: Use

of direct dyes

milling acid dyes

Dull shades

Use of direct

dyes

Use reactive dyesyhich give
bright shades with good wash,
light, and perspiration fastness

properties.

Table 3.21. A summary of problems in dyeing with basic or vat dyes and recommended

solutions.

Problem

Possible caus

Reasons and Countermeasure

Inadequate fastneswdshing,
rubbing, perspiration, chlorine|

and light)

Poor light
fastness: Use

of basic dyes

Use dyestuffs which have good
light fastness, for example:
Leveling acid dyes, 1:2 metal

complex dyes

Reduced mechanical strength

Use of vat

dyes

Due to very highalkaline pH of
dyebath required, silkk may be

damaged if the bath is too hot.
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CHAPTER 4 DESIGN AND DEVELOPMENT OF EXPERT SYSTEMS

4.1 Introduction

Artificial intelligence (Al) was proposed during the 20th century, and is defined as
Amaki ng ¢ omp pteerd303.ikhpernsistein (EB)ds a domain of Al that aims
to computerize the expertise of human expB®!]. ES was first developed as a research
tool in the 19609305]. Feigenbaum, an early pioneer of ES technology, defined an ES as
Aan intelligent computer program that uses
problems that are difficult enoughtoreque si gni fi cant human exper
[306]. In simple terms, an expert system is an artificial intelligence program that attempts to
mimic human reasoning by using combined knowledge from maugss. It is a computer
system that emulates the decisioaking ability of a human expert. ES functions very well
in a restricted domain. Applications of ES include business, medicine, science, and
engineering. In addition many books, journals, confegen and products are currently
devoted to expert systems and their applications.

The basic concept of ES involves a user supplying facts or information, in the form of

a query, to the system and receiving expert advice or expertise in response tothesolve

issue or address the query as shown in Figure 4.1,
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Enowledge Base

Facts

-
Tzer

Expertize

Inference Engine

Figure 4.1 Basic function of an Expert System

An ES consists of two main components; the knowledge base which contains the
knowledge and the inference engine which draws conclusions and regdpandst he user
queries[307]. An ES is specific to a given problem domain as opposed to having general
problems ol vi ng abilities. The expertodés knowl edg
denot ekdn otwh ee dfg €[308l.o mai en OES reasons or makes 0
way that a human expert would reason or infer the solution of a problem, that is when given

some facts, a logical, possible concludioat follows is inferred through reasf809].

4.2 Advantages of Expert Systems

An indirect benefit of developing an ES is that in order to incorporate the information

inthecomputer an explicit form of human exper
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all ows the otherwise implicit knowledge in t
consistency, and completeness, and if necessary ad[@4@ld There are also many direct
advantages of ES that can be listed as follows;

1 Availability: Expertise is available on any suitable computer at any time day or night.
This can be considered the A mfcsksowlgdgeoduct i
domain.

1 Reduced cost: The cost of providing expertise per user is greatly lowered comparing to
when human experts are employed.

1 Permanence: Once the knowledge domain is developed, the expertise becomes
permanent.

1 Combined expertise: The knosdge of multiple experts is often combined and made
available simultaneously and continuously to resolve a given problem at any time. The
level of combined expertise from several experts often exceeds that of a single human
expert.

1 Reliability: ES increaseconfidence that the correct decision was made. ES also provides
a second opinion to a human expert or abteaker in disagreements among multiple
human experts. Responses from the expert system should agree with those from majority
of human experts agell as literature sources.

1 Explanation: The ES can be equipped to provide detailed explanations for the reasoning

that leads to a conclusion. Human experts may be unable to do this all the time.
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1 Fast response: An ES may respond faster than a human, elgerhding on the design
of the software and the type of hardware employed.

1 Steady: ES are unemotional and provide complete responses at all times. This may be
very important in reatime and emergency situations when a human expert may not

operate at péaefficiency because of stress or fatigue.

4.3 Broad Classes of Expert Systems

ES have been applied to many fields of knowledge. Some are designed as research
tools while others fulfil important business and industrial functi®id]. Thousands of ES

have been built and reported in journals, internet, books, and confef2@@&4] Based on

the systems described in the open literature, certain brassles of ES applications may be

described as follows;

1 Configuration: These systems are designed to assemble appropriate components of a
system in a proper way.

91 Diagnosis: This type of ES is used to infer underlying problems in a domain based on
observed @dence. For example, they may be used to recommend remedies to illnesses,
troubleshoot electronic or mechanical problems or as debugging tools.

1 Instruction: Instructional ES have been used for individualized training or instruction in a
particular field.The system presents material in an order determined by its evaluation of

the userdés ability and current knowl edge
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the sequence depending on this progress.

Interpretation: Interpretive ES has the apitv analyze data to determine its significance

or usefulness. The knowledge base often contains models of real world situations which it
compares to its data. These are often used in exploration for mineral, gas and oil deposits
as well as in surveillanggmage analysis and speech recognition.

Monitoring and Control: In certain applications, ES can be designed to monitor
operations and control certain functions. It can be used to compare observed data to
expected data to judge performance. These arecyplarly useful where speed of
decision making is vitally important, for example in the nuclear energy industry, air
traffic control and the stock market.

Design and Planning: This type of system allows experts to quickly develop solutions
that save time. Aese systems do not replace experts but act as a tool by performing tasks
such as costing, building design, material ordering and magazine design.
Prediction: A predictive ES is used as a
observed situationssually providing a probability factor. This is used often for weather
forecasting.

Repair: A common type of ES is used to define repair strategies and diagnose the
problem and suggest a plan for the repair of the item. The repair plan typically contains a
scheduling structure and some control structure to validate the repair process. Such

systems have been employed in the automotive repair field and similar areas.

265



1 Classification/Identification: These systems help to classify the goals in the system by the
identification of various features (these can by physical orpiysical). For example,
various types of animals are classified according to attributes such as; habitat, feeding
information, color, breeding information, relative size, etc. These systaydenused
by bird watchers, fishing enthusiasts, animal rescue shelters to match animals to

prospective owners, etc.

4.4 Expert System applications in textile production and coloration industry

The coloration of textiles has several issues that may be surechas shown below.

1 Complex domain: The coloration industry is a very complex domain since there are many
variables that can affect the outcome of dyeings.

91 Scarce expertise: The number of coloration experts is very small compared to the size of
the textike industry worldwide.

1 Challenging nature of color communication: The supply chain has become increasingly
global and often it is hard to communicate color and color problems among people
involved in the supply chain without having misunderstandings.

1 Repraucibility: The main challenge associated with the process remains the
reproducibility of dyeings. This is not a new issue, however, it is still one of the main
issues affecting the industry so far.

Therefore, ES can be employed in the textile productionokration industry to

provide;
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1 Consistency: ES can help to create consistent production runs.

1 Repeatability: ES can help to promote repeatable production runs.

1 Complementary expertise & educational tool: They can be used as educational tools to
bridge he gap between experts and novice dyers (as a training tool), and to support the
decision making of expert dyers (as a support tool).

1 Facilitated communication: Correct diagnosis of the root causes of a given fault can also
help facilitate the communicaticof color across the supply chain and reduce production
and delivery times thus save on costs and resources.

Examples of expert systems that have been used in the textile industry cover various
operations and include:

1 Diagnosis of defects in;

i Bleaching & cotton fabrics (Prénatic): The system was developed by CIBA in 1989
[313].

i Wool dyeing recipe (Wooly): This ES was produced by Sandoz AG in late 1980s to
early 19904314].

T Finishing (Texperto): The program was developed by Clariant in [BE%}.

T Padsteam dyeing (Bafarex): An ES developed by BASF in 1992 and designed to
determine the dyeing recipes for cotton and polyester/cotton mataesisg vat and
disperse dyeg316].

1 Color matching process (SmartMatch): An ES developed by Datacolor International in

1994[317,318]
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1 Control d the dyeing process (Datawif819]

1 Troubleshooting dyeing (Dexpert: Cotton, Polyester): These ES were developed by
Shamey et d13031,111].

1 Troubleshoting printing (InkjetExpert): A recent ES developed at North Carolina State
University and Istanbul Technical University in 2012 to troubleshoot inkjet printing

[320].

4.5 Components of expert system

An ES generally aasists of three major components which [28;

1 Knowledge base: This is the brain of the system. It contains the domain knowledge
needed to solve problems coded in the form of rules, where the knowledgeegngin
writes the code for the system.

1 Inference engine: This is a combination of algorithms and heuristics designed to use the
knowledge base in an attempt to solve problems in a particular field. It makes inferences
by deciding which rules are satisfied tagts or objects, prioritizes the satisfied rules, and
executes the rule with the highest priority, and uses rules and facts to derive conclusions.

1 User interface: This is a point of interaction between the user and the expert system. This
is where questius are asked, and advice is provided.

The additional components of the system shell inc]aég
1 Explanation facility: This feature gives the reasoning for various recommendations to the

user,;
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Working memory This is a global database of facts used by the rules;

Agenda: This is a prioritized list of rules created by the inference engine, whose patterns

are satisfied by facts or objects in working memory;

Knowledge acquisition facility: This is the interfaceed to edit the information in the

knowledge base.

The components of typical Expert Systems are shown in Figure 4.2.

Enowledze Base Inference Worlung Mem oty
(Rules) Engme (Facts)
Lgenda ‘

- T
e T
e
—
e

e
e

o

Exzplanation Facility ‘ Enowledge Acqusition

Facility

R —
- I
— T
T P
— o~
—— o

User Interface

Figure 4.2 Typical structure of an Expert System.
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Expertsystems commonly use two general methods of inferencing as the problem
solving strategies. These are:

1 Forward chaining (a data driven system): It is reasoning from facts to the conclusions
resulting from those facts. It is often used in ES for classification. For example, if one
sees that it is raining before leaving home (thet)f then one should take an umbrella
(the conclusion)29].

1 Backward chaining (a goal driven system): It involves reasoning in reverse from a
hypothesis, a potential conclusion to be proved, to the fadtstpaort the hypothesis.

For example, if one has not looked outside and someone enters with wet shoes and an
umbrella, oneds hypothesis would be that
one could ask the person if it was raining. If thepmnse is yes, then the hypothesis is
proven true and becomes a fact. The hypothesis can be viewed as a fact whose truth is in
doubt and needs to be established. The hypothesis can then be interpreted as a goal to be

proven[29].

46 Devel opment oPTad hey siDempert

The goal of this project is to develop an ES to assist novice and seasoned dyers in the
diagnosis of faults in dyeing protein fibers. The general stages in the development of an ES
always start wh the process of building the necessary knowledge, or the brain of the system,

which is called Aknowledge engineeringo, as

270



Hutnan Expert e————

-

Dialog
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Enowledge Engineer

Explicit Enowledge

Encowledge-BEase of Expert System —

Figure4.3Devel opment of an Expert Systemods

The person in charge of the developmentesthiif k nowl edge engi neer
information from all sources including peer reviewed journals, text books, etc. and also
interacts with human experts to obtain expert advice and knowledge from experts in the field.

This process continues until the ereger is satisfied that the knowledge base corresponds
well with expert opinion as well as resources available and that there are no false or

redundant information within the system.

4.6.1 Construction of Knowledge Base

The first stage in the development of DexpPT was to determine the most
commonly found faults in the dyeing of protein fibers. The second stage was to determine the
relationship between causes for the symptoms using abaebd survey created on
SurveyMonkeyM [321], and an excel survey format. A dyeing expert would provide

certainty values ranging from 0 (which indicates cause has no relation with the symptom) to
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10 (which indicate cause is the main source of the symptom) on the survey.

4.6.1.1Selection of the most common dyeing faults for protein fibers

The first stage in the development of expert system was to categorize the most
common faults found when dyeing protein fibers. A list of the potential symptoms was
generated from the literatuesnd modified according to discussions with a select number of
dyeing experts. The completed list of 16 symptoms were selected based on feedback from
several dyeing experts as well as utilizing information reported in the literature and is shown

in Figure 44.

S1: Reproducibility

S2: General unlevelness

S3: Different shade

S4: Presence of steaks

S5: Poor color yield

S6: Dull shades

S7: Inadequate fastness

S8: Presence of specks, stains, or spots
S9: Presence of ending and tailing

S10: Reduced mechanical strength

S11: Adverse changes in appearance
S12: Local damage

S13: Presence of stop, rope, or pressure marks
S14: Comfort properties

S15: Shrinkage

S16: Yellowing

Figure 4.4 The list of commonly found faults when dyeing protein fibers
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A general description of each of the sixteen symptoms is given below;

Reproducibility

Reproducibility means color consistency. Issues with reproducibility can range from
batdh to batch variation or the variation of approved first lot compared to bulk production.
Poor reproducibility is one of the main issues resulting in loss in productivity and profit. It
occurs frequently when a shade does not repeat properly and requieesive® actions such
as dye or chemical additions, extra runtime, strippingdyeing, and ovedyeing. These
extra procedures can increase the risk of physical damage to textiles. An example of poor
reproducibility is shown in Figure 4.5. Lack of repuatility is the most frequent fault
found in the industry. The problem is that often the dyed product does not match a given
standard. The preventive action plans include;

1 Using the same raw materials;

1 Controlling the dyeing process conditions (using faeh standard preparation,
maintaining the same liquor ratio, adding the right chemicals at the same time and
temperature);

1 The dyeing materials should have the same dye affinity in each batch;

1 Checking water supply daily (especially hardness, pH, armtimoate content);

1 Avoiding standing times during the process, and ensuring that dyes and chemicals are

ready for addition.
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Figure 4.5An example of poor reproducibility

General unlevelness

This is the noruniform distribution of dye over the entisaibstrate, such as frosting,
listing, shading, and presence of pale sections. It occurs mainly due to wrong dyeing
conditions, incomplete preparation of textile materials, and water hardness. It is also one of
the common faults found in dye house. An exkmgpf general unlevelness is shown in

Figure 4.6.

Figure 4.6 An example of general unlevelness
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Different shade

This refers to variations in shade in the inner, middle, and outer layers of a package or
beam. This is one of the common problems foundy®eing. An example of differences in

shade is shown in Figure 4.7.

Figure 4.7 An example of differences in shade

Presence of streaks

This is a major fabric uniformity problem that impacts the product quality. Various
causes can create streaks, foaraple crease streaks occur in tubular knits, when fabrics are
passed through squeeze rollers during the dyeing process. An example of presence of streaks

is shown in Figure 4.8.

275



Figure 4.8 An example of presence of streaks

Poor color vield (low exhsstion/low fixation/poor builelp)

This may occur due to low dye substantivity to the substrate or low dye fixation on

the substrate. An example of poor color yield is shown in Figure 4.9.

Figure 4.9 An example of poor color yield
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Dull shades
Dullness of shade can occur for a variety of reasons including inappropriate use of

temperature and auxiliaries. An example of the dullness of shade is shown in Figure 4.10.

Figure 4.10An example of dull shades

Inadequate fastness

Fastness is the raesance of dyeing on textiles to mechanical and chemical effects,
such as washing, rubbing, perspiration, chlorine, and light). An example of inadequate

fastness is shown in Figure 4.11.

Figure 4.11An example of inadequate fastness
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Presence of speckstains, or spots

These are regarded as defects when present on the dyed fabric. An example is shown

in Figure 4.12.

Figure 4.12An example of presence of specks, stains, or spots

Presence of ending and tailing

These are lengthwise variations in dbathey are typical issues in pad dyeing. This
dyeing problem occurs in a continuous dyeing range and may be attributable to the dye
padder, pralrying, chemical padder, steamer, or wash box. An example of this issue is

shown in Figure 4.13.

Figure 4.B. An example of presence of ending and tailing
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Reduced mechanical strength

This issue is related to the ability of fibers to resist external damaging forces.
Mechanical strength usually determines the durability of the textile goods. An example of

reducel mechanical strength is shown in Figure 4.14.

Figure 4.14An example of reduced mechanical strength

Adverse changes in appearance

Cracks, creases, and dimensional instability are examples of angular or round shape
variations in the structure of woweor knitted fabrics due to folding the substrate in the

continuous dyeing process. An example of adverse changes in appearance is shown in Figure

4.15.
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Figure 4.15An example of adverse changes in appearance

Local damage

Broken yarn or torn and damed fabric occurs due to a number of reasons. An

example of local damage is shown in Figure 4.16.

Figure 4.16 An example of local damage
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Presence of stop, rope, or pressure marks

These defects are found in fabric dyeing by rope processing. An exaimmplesence

of stop, rope, or pressure marks is shown in Figure 4.17.

Figure 4.17An example of presence of stop, rope, or pressure marks

Comfort properties

These refer to repulsive odor, electrostatic charge, stiffness, poor handle, and pilling.
Rilling is generated from yarns that form little balls of short, tangled fibers on the surface.
This can be reduced or removed by combing process which removes the short fibers, or by
adding additional twist. An example of issues related to comfort prepesi shown in

Figure 4.18.
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Figure 418An exampl e one of the comfort.propert

Shrinkage

Wool consists of fibers that catch on to one another when exposed to water, heat, or
friction. The fibers tighten their contatb each other. Consequently, the whole fabric
tightens and shrinks. This is also referred to as felting. An example of shrinkage on a dyed

fabric is shown in Figure 4.19.

Figure 4.19An example of shrinkage
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Yellowing

This is an occurrence of yellowlor in wool in excess to the natural cream shade of
wool fibers which presents a serious problem to the manufacturer. Yellowing can arise not
only from the harsh processing during dyeing, but also from the sensitivity to light when

textile materials arexposed to daylight. An example of yellowing is shown in Figure 4.20.

Figure 4.20An example of yellowing

4.6.1.2Knowledge acquisition using a survey

A survey was constructed to collect responses from human experts and correlate
specific causes associatedtwidyeing faults for protein fibers. The survey was designed in
two platforms: a welbased survey using SurveyMonk¥y[321], and another in Microsoft
Excel format. Experts were allowed to choose ezitbf these formats based on their

preference.
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A certainty factor was provided for each response ranging freb. 0A zero
indicated no correlation between cause and symptom, while 10 indicated the cause had an
excellent correlation with the symptom. Exts could also select * when they were not sure
of the correct cause of the symptom. For questions containing no response the system
automatically assigned a zero response. The-basked survey on SurveyMonK&y
comprised of five pages consisting of 11&uses and 16 symptoms. The survey in Excel
format contained only one page, and the spreadsheet enabled the selection of a value from 1
10 as well as * from a dregown list for every cell. Five dyeing experts from USA, UK, and
Thailand participated in thistudy. Information from experts was filtered and analyzed into
rul es to build a knowledge base. Further
responses are Figure 4.21 shows an example of a few questions in the survey. Experts were
asked to rank thenterrelation for each of the 16 symptoms and the 110 causes by using

certainty factors ranging from zero to ten.
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!Msnvly(a}-'ngpu %V Listof possible ca x \_~ SurveyMonkey An x 1 33 Expert Systems an. X 1 | hitps//www.goos X | () Tedile World - PH x 1 ' infohouse.plric.or X V| ') wwwaift.net81/fi x | [ different shade dy. 1 [E] Shade varistion- s X

<« €[] www.surveymonkey.com/s.aspx?sm=YNxbeWtiVvdzAp%2f0rNTuS A%

List of possible causes associated with dy

Pre-treatment/Preparation

215 a0

There are 16 symptoms and lists of causes associated with these symptoms in the dyeing of protein fibers. "S" and "C" represent symptom and cause, respectively

3. Pre-treatment/Preparation ($1-88)

C1-C6 Scouring, C7-C16 Degumming, C17-C24 Bleaching, C25 Carbonization, C26 Weighting, C27 Storage. A certainty factor of 10 indicates very good correlation between cause being the main source of the
symptom, while a 1 indicates a very poor correlation of cause, * means you don't know and not sure, and 0 means there is no relation between cause and symptom.

52 General S3: Different shade in S7- Inadequate
unlevelness (Frosling,

$5: Poor color yield S8 Presence of

S1: Reproducibility Listing, Shading, mlm:::ﬂ:ﬁ:’:‘; :mj S Z‘IZ:“ of [Lo»ff exhaustion/low 56: Dull shades ::;::S:"’::::. specks, stains, or
Presence of @re and package or beam fixation/poor build-up) ehlorine, and light) spots
pale section)

€1 Too high alkalinity v v v v v v v
C2 Too high temperature ; v v v v v v v
€3 Tas high mechanial pressure i v v Y Y 0 0 O
€4 Complete removal of wool wax 3 | v v v v v . B
C5 Presense of extra dirt or VM g | v v v v - v v
C& Soap residues ; | v v v v - v -
€T Uncomplete remowal of impurities 9 | v v v v v v v
€8 Too long processing time -10 | v v v v v v v
C9 Too high alkalinity v v v v v v v -
€10 High mechanical stress v v v v v v v -
C11 Too high temperature v M v v v v v -
€12 To high hydrochloric acid v v v v v v B B
€13 Too much reagents used v v v v v v v B
C14 Too low concentration of soap v v v v v A v -
€15 Soap from cottonseed or coconut oil v v v v v v v v
C16 Degumming rzagents panetrate fibroin filaments v v v v v v v v
CA7 Presence of iron salts v v v v v v v v
€18 Presence of hydrogen peroxide residues v v v v v v v v
€19 Use sulphur-containting bleaching agents (sodium dithionite) v v v v v v v v

Figure 4.21List of symptoms and causes on the valsed survey hosted in SurveyMonKéySourced from

http://www.surveymonkey.com/s/7BY @B.
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Some experts mentioned that completing the survey was a tedious task, even though
the survey was carefully designed and the information was clearly explained. Therefore, the
survey was also provided in Excel format, optionally, to make it more comidareexperts
to respond to questions. The survey <coul d
leisure. Figure 4.22 shows an example of a survey in Excel format. The survey spreadsheet
consisted of columns containing the 16 symptoms with the oongsponding to the 110
possible causes. The cells represented the-rek@ionship between symptoms and causes
allowing the user to select from zero to ten where ten corresponded to a direct relationship,
while zero or a cell left blank indicated lacka relationship between the two.

The knowledge acquisition process from experts involved collecting, organizing,
analyzing, and interpreting the information. One of the most common techniques used to
obtain the quantitative information is via surveyindgire expert sé opi ni ons
Advantages of electronic surveying include:

1 Ease of use for both the survey takers and survey editors. An electronic survey is likely to
generate a higher response rate than a printed one, as survey recipemt§indft
answering the electronic survey easier, quicker, and more convenient.

1 Reduced cost compared to traditional printed surveys, since it can be distributed via

email.
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1 Fast response from the recipients using dwabed or other electronic surveying
techniques. Responses can also be analyzed quickly and recipients can be sent alerts to
remind them to respond to the survey in a timely manner.

Accordingly, the knowledge from experts was obtained through an electronic survey
as well as through interviewirgxperts. The process is time consuming as experts tend to be
very busy. The method was used to identify the irg&tionship between a dyeing symptom
and probable root cause(s) of the symptom by allowing experts to specify certainty values.
Five expertdrom USA, UK, and Thailand covering several sectors of the industry including
dye manufacturing, academia, as well as practical dyers with a range of industrial and/or
academic experience from -B® years participated in the study. The experts included a
manufacturing director, an associate director (dyeing research), dyeing and finishing
manager, yarn dyeing manager, and an emeritus professor/chief scientific officer. Responses
were collected and analyzed by incorporating the literature sources inttalblesdorm in
tables. Sources of literature included textbooks,-pegewed journals, theses, dissertations,
and the Internet. The knowledge base of the Dyeing Expert System for Protein Fibers

(DEXPERT-PT) thus consists of expert knowledge on severgests
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17 €4 |Scouring (keratin fibers) |Complete removal of waol wax H I

18 €5 | Scouring (keratin fibers) | Presense of extra dirt or VM. s

19 <6 (silk) _|Soap residues H .
20 _¢7 | Degumming(silk) _|Uncomplete removal of impurities
21 €8 | Degumming (silk] Too long processing time

22 €9 | Degumming(silk] Too high alkalinity

23 €10 | Degumming(silk] |High mechanical stress

24 (11| Degumming (silk] Too high temperature

25 12| Degumming(silk) |To high hydrochloric acid

26 €13 | Degumming(silk]  |Too much reagents used

27 €14 Degumming(silk)  [Toolow of soap
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Figure 4.22The survey in Excel spreadsheet format distributed to experts to determine thnelatienship between

symptoms and causes using certainty factors ranging frbfn O
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Certain causes may lead to several common symptoms. Cams®mf causes

among symptoms was thus investigated and cases with commonness criteria were analyzed.

There are several causes originating from various sources that can lead to dyeing faults. For

example, we show that cause C46 which is the most likelsectr S1: Reproducibility, is

also the most likely cause for several other symptoms including S2: General unlevelness, S3:

Differences in shade, S4: Presence of streaks, S5: Poor color yield, S8: Presence of specks,

stains, or spots, and S9: Presence rafirgg and tailing marks as shown in Figure 4.23.

Expertso responses wer e compared among
literature used. Responses from five experts are given in Appenéides 6
51: Reproducibility
Cause Description High CF | Conmonness | Category
C046 |Dve precipitation 10 823458 G
C043  |Icorrect awdiary weighing 9 52 G
C028  |Too low enperature 9 52357 G
C032 |Excessive alkalinity 9 83 G .
C038 |EEcirolts concenration mo bw 9 S5 G A Scouring C1-C6
Cco31 R:lpﬁ ih.iﬁ of pH 9 523 G B Deglmmm Cc7-C1l6
C034  |Dveins time too short 9 837 G - -
CO04 | Misuse of yebath assismni 0 523 G C Bleaching C17-C24
C030  |Rapid fise of emperature 8 523 G P 15
C026 |Presence oftinsalts 3 E D Caﬂ)omzmg €23
C009 |Too long processing fime g 510 B E \\'e]ghtmg C26
C035  |Dyebath liquor to goods ratio (LR) wo low 8 G g
C047  [Poor quaility (agediold) awdiary used 8 G F Storage C27
€064 |Incorrect dye weighing d H G | Dye bath conditions | C28-C49
CO76  |Substrate is not wet out throughlv 8 523 I -
C021  |Presence of metals (iron, copper) 3 C H D}-'es C50-C72
C006  |Too long processng ome g A ‘ - -
Co07 [Sozp residues : =3 5 I Batch process C73-C75
€023 _|Too short processing time 8 C J Contmuous process | C76-C79
C074  |Rapid exhaustion rates 8 82 I -
C060 [Improper dve selection 3 H K Water source C80-C89
C D_‘-f Inadequate removal Ufcul.ur;-clrrm?ml . 7 C L Wash-off C90-C98
€025 |Concenrated sulphuric acid. or nitric acid 1 D - -
C036_|Dyebat Liguor to Goods rato (LR) too hizh 7 G M Mechanical action | C99-C104
C001  |Too high allcalimity 1 510 A -
C078_|Did oot dry Bbric compketely afier padding 7 T N Affertreatment | C105-C110

Figure 4.23An example of the sorting methoded to identify commonness of causes and

their categories
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46.1.3Anal ysis of expertsd6 responses to constru

Experts participating in the construction of the knowledge base were asked to rank
the interrelation among 16 symptoms and 110 causesg certainty factors (CF) ranging
from zero to ten. Zero indicated no relationship between cause and symptom, while ten
indicated with high certainty that an excellent relationship existed between cause and
symptom. For example, a cause with a CF of8 & higher likelihood of being the correct
cause of the symptom when compared to another cause with a CF of 2. The responses were
thus classified into three broad categories of most likely (high @P),7likely (medium CF:

4-6), less likely (low CF: 13) for each symptom using a statistical sorting method, as shown
in Figure 4.24. It should be noted that dyers aiming to troubleshoot a problem in the dyeing
process would likely need to identify the most likely cause of the issue so that they can arrive
ata solution quickly and reduce the corrective action time.

The concepts and methods for decismaking process stem from a multidisciplinary
field of Il nvestigation. Hi st ori caidlexi deon$i
concept and promotesh approach based on the optimization of a single objective function
under constraints. It is important to provide the reader with a review of some of the important
methods used in the field. The development of linear programming by D§B2Ap(and
later on, of nodinear programming, and dynamic programming) provided efficient tools for
implementing an optimization approach on realed problems encountered in military,

logistics, n production research, and delivery management for industrial firms. Neumann,
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Morgenstern, and Savad823] broadened the scope of the constrased optimization
paradigm to situations where consequences of desigire risky or uncertain. The extension

of these approaches to the construction of objective functions accounting for several criteria
was proposed by Debreu, Lu@24] and later on by Keeney and Raifg25] in situations of
certainty, uncertainty or risk. All of these works, which are mostly developed Hi97ids,

are referred to as classical decision theory. Meanwhile Edmonds and[¥26palso
proposed the complexity theory, since the classical methods of operational research cannot
tackle all largesized optimization problems. Savage proposed the Bayesian approach for
decisions under risk and uncertainty, which appeared thieeprototype of a rigorous
approach to rational decision making. However, studies of Allais and EIlI§&2ry and
Kahneman et. aJ]328] demonstrated that, in someses, human behavior consistently
violates the principles of expected utility theory when selecting best decisions. Probability
measures seem to lose their status, as a unique rational tool for modelling uncertainty, when
information about decision conseqees is missing. Schmeildg29] and Quiggin[330]
proposed more flexible and realistic mathematical models where expected utility was
replaced by more general integrabrk of Choquet from the 195(0331]. The new trends in
operational research consider the practical limitations of the optimiZadieed approach to

al |l deci si on [3p2f dedislor analysis Rethyds, dedicated to multi criteria
situations, emerged in the 1970s and 1980s. Here a formal method is used to help the
decision maker build a satisfactory solution. Finally the analogy between voting theory

(where informaton from voters is essentially ordinal) and multiple criteria decisiaking
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triggered the development of new approaches designed to handle the latter problem. Some
expert systems i mpl ement the nDel phi met hod
expets as well as responses from a group interview to reach the consensus among experts.
However, there are several potential drawbacks associated with this process which include;
potential for bias in attaining final responses, difficulty to achieve consemsang experts,
and difficulty to schedule a group interview. Hence, this approach was not applied in the
development of this systef&33].

The field of artificial intelligence (Al) became concerngih decision problems in
the 1990s in connection with planning problems under uncertainty and partial observability
found in robotics, and the design of usentered computerized recommender systems and
web serviced334,335] Since the late 1950s, Al approaches focused on declarative
knowledge representation and automated reasoning methods, and general solving techniques
that may apply to a large class of probldB%6]. A systematic use of propositional and first
order logics as knowledge representation or programming tools was promoted by McCarthy
and Hayedq337]. In recent years, Al methods have exploiteé formal setting of the
classical decision theor838]. The foundations of some ordinal representations have been
studied and some of these works come very close to formal results in voting theory
[339,340] In situations such as ordinal setting, possibility theory is the natural counterpart to
probability theory in the classical decision the{8¢1]. Formal similarities between voting
theory, decision under uncertainty and multiple criteria decisiaking can therefore be laid

bare where voters, states of nature and criteria play the same role in each respective problem.
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Powerful tools for the copact representation of uncertainty or preference have emerged in
the recent years, such as Bayesian networks, influence diagrams, and conditional preference
networks (often called GRets)[342].

A very wide andactive research area is devoted to decision analysis and decision
science which includes many new concepts and topics based on the foundations of decision
theory such as neadditive frameworks for uncertainty representation, Choquet integral,
possibility theory, bounded rationality models, Awansitive preference representations,
incomparability, inter actions and dependencies between criteria, processing of ordinal
information and avoiding threshold effects in quantitative representations (among others
[343-345]. These recent developments are numerous and can be roughly classified into three
areas; the first area is devoted to mathematical concepts, useful foodeéimg of decision
problems and compact representation techniques and combinatorial peuiamy
methods, the second area focuses on decisions under uncertainty, and the third area deals

with various approaches pertaining to multiple criteria decisiaking[342].

Social choice theory

The desire or necessity to take multiple conflicting viewpoints into account for
evaluating the actions often makes the task
a scientific approach to suppo r-driteria Heeisiohi n a l
aidingo. The system needs to synthesize t hi

preference on which a r ecomme nedraetnicoen acgagnr ebgea
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[342]. Aggregation problems have been widely

S

This method consists of searching a fAreasona

order todetermine the outcome or to rank all possible scenarios in order of prefg3é6te
ASocial choice theoryo is an example of thi

the Aindivi dual membess fared rthein de@soris are Analyzdd evhen these

decisions are supposed to refl g37. Tadpgly ficol |

these concepts in the coloratvonerinaduateyre

by ficauseso and fexpertso respectively. A
reflecting the individual preferences as much as pos$##8]. Decisions based on the
majority rule @n be reached with almost no difficulty when there are only two causes.
However, selection of the majority requires a modification of rules when more than two
causes are present. |t may be argued that
industrid applications, as it enables extracting the best cause or a ranking of the causes
reflecting the opinions of the experts as much as posgiig. An example of a ranking
based deci si on ma kthod ig whick the responseésBfiom dxpeits aree
analyzed as described below. A symptom is defined as a visible pattern, appearance or
property of the dyed substrate that can be related to a number of potential causes. Here we
describe reproducibility as a masymptom in the dyeing of protein fibers. Responses from

five experts were collected in which the alkalinity of the bath (cause 1) was related to
reproducibility. CF responses from experts relating this cause to the symptom were 0, 8, 5,

10, and 10. Theatculated rank of cause 1 would thus be = (10x2) + (8%x1) + (5x1) + (0x1) =
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33 (on a scale of 0 to 50). The higher the rank value, the higher the likelihood of this cause
being related to the symptom. The symsgt emos
rank value by 50, and prioritizing rules in the system accordingly. For example the CF of

cause 1 for symptom 1 is equal to 33/50 = 0.66. In the system this is shown as follows:

(defrule Reproducibility)
=>

(assert (High alkalinity) CF 0.66)

Fuzzy logt theory

A different method of decision making is based on the fuzzy set theory that is often
used to deal with uncertainty in humanginated informatior{349]. Expert knowledge can
serve as a foundation in fuzzy d®on making, instead of probability or possibility
distributions[350]. In fuzzy systems, the inpoutput pairs have the structure ofTHEN
rules that relate fuzzy variables whose values are inexact. @teete/o advantages in using
classical decisiomaking theory over distributichased methods. First, on a practical level,
probability or possibility distributions are often difficult to verify in a fuzzy decisitaking
environment, while the classicabcision model does not require such strict assumptions.
Second, decisiemaking models based on probability or possibility distributions may result

in divergent decision behavi{851].
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1 Fuzzy sets and membersliymctions

A set in classical set theory always has a sharp boundary. A fuzzy set is a set with a
smooth boundar{852,353] For example, if an expert is certain that a cause and a @ympt
have an excellent correlation they would give a certainty factor of 10, while a value of 1
indicates that cause and symptom have a poor correlation. Thus, it can be said that the
certainty factor of 10 is high, and that for 1 is low. However, experisats® indicate that
they are not sure about the relationship between a cause and a symptom. A fuzzy set is thus
used to map objects in a domain of concern to their membership value in fB&4$eThis
type offunction is called the membership function as shown below.

If CF is less than 3, then we consider the likelihood to be low

If CF is greater than 6, then we consider it high

If CF is between &, then we consider it as somewhat low and somewhat high
(defined using a membership function)

An example of applying fuzzy logic to calculating the CF, using the Fuzzy Logic
Toolbox in MATLAB for the fuzzification of the rules, is described as follows. The example
shows CFs that relates repeatability to high bathlialiga based on responses from five
dyeing expert$355]. Expert responses -ape wsel abei €pu
as the output. The membership function classifies the fuzzy inputs into threes:gaw (G
4: weak relationship between cause and symptom), moder8jeddd high (6L0) as shown

in Figure 4.24.
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Membership function plots  Plot paints. 181

Lo Moederate High

=

input variable “Expert1™

Low Moderata  High

) ) ) __input variable "Expert1” ) ) _
Law Moderate High

nput variable "Expert1”

Figure 4.24The membership functions classifying the fuzzy inputs into 3 groups (low,

medium, and high)

The membership functions of fdezified crisp outputs are classified into three
categories: less likely (CF = 0QL3), likely (CF = 0.40.6), and most likely (CF = 0:1.0).

The CF ranges are given on a scale of 0 tol, as shown in Figure 4.25.
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Membership function plots  Piot points: 181

LessLikely Likely MostLikely
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- S ~ output vqmble ZCFvalye' _ _ B
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output variable "CFvalue®
LessLikely Likely MostLikely

output variable "CFvalue”

Figure 4.25The membership functionsassifying the defuzzified outputs into 3 groups (less

likely, likely, and most likely) based on their calculated CF.

The responses from five experts are then analyzed, in this case with a total of 21

rules. Rules can be displayed in verbose, symbolid, indexed format in the system.
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Figure 4.26 is an example of rules in the verbose format.

File Edit View Options

1. If (Expert1 is High) and (Expert2 is High) and (Expert3 is High) and (Expert4 is High) and (ExpertS is High) » I
2. If (Expert1 is High) and (Expert2 is High) and (Expert3 is High) and (Expert4 is High) and (ExpertS is Mode,
3.1f (Expem £ H-gn) and (Expenz s vah) and (Expen3 us Htgh) and (Experu s High) and (Expens s Low) £

6. If (Expem s ngh) and (ExpenZ s ngh) and (Expert3 s ngh) and (Expeﬂ‘ is Low) and (ExpeﬂS s Low)

7. If (Expert1 is High) and (Expert2 is High) and (Expert3 is Moderate) and (Expertd is moderate) and (Exper

8. If (Expert1 is High) and (Expert2 is High) and (Expert3 is Moderate) and (Expertd is moderate) and (Exper

9. If (Expert1 is High) and (Expert2 is High) and (Expert3 is Moderate) and (Expert4 is Low) and (ExpertSis ~
< m »

if and T

Expertl is ExpertS is
: ]
‘Low - G i~ Le
§I-loderate Moderate Li
0 quh
none none ne
[ | not

Figure 4.26Rule editor interface used to assign rules to the system in the verbose format

In the inference process, the system attempts to match the memlfersttion of
inputs given to the rules that respond to associated functions and utilizes fuzzy operators to
defuzzify the results and generate a crisp oufpt6]. The new CF in this case, for the
example given abovas 0.833 as shown in Figure 4.27. Thus it is evident that different

decision making strategies can result in different outcd@®8]. Therefore, an analysis of
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various procedures, taking into account the aoyof suggested solutions, simplicity of the

approach and operational cost has to be considered in the design and development of expert

systemg358].
uﬂule\f'mt:&wﬁystem Er
File Edit View Options
Experti = 10 Expert2 = 10 Expert3 =& Experid =5 ExpertS = 0 CFEvalue = 0.833
1 =] — [  ——— ——]  S——
3 — E— [ [ — —_ |
s =1 —E 171 |
4 [ = [ 7]
Sl L
6~ L =] e 1 O, _&ﬁ
tl ——a . [ 1] == —— [ ]
LA [ [ ] | | ] /]
9 [ [ [ | I | ] [ ]
10 ] C Y
n__~ 3 It N | ] A
- —— a——— | [ ] — [
13] [ [ ] C ] . ] |
14[ = [ ] [ ] ] [ ]
15 e = ] = = N
18~ i ] L] L ] NI
1T -~ | 11 [ | ~ [
18 L~ ] cC ] S ] ]
19""_ l"'_ [ | = ] = ] [ ]
| a— = " | = o .
215 C. | s ] I — AN
2 —— | ——— — [
0 £l n i 0 10 0 10 40 I = =
MR (10:10:2:5:0] Plot points: 11 Move: et | rignt | down| up |
Ready Hep | cwose |

Figure 4.27Rule viewer interface showing the crisp CRpui calculated using the inputs

given to the inference with the assigned rules
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Mathematical theories

Several common statistical methods can also be used to evaluate the responses from
five experts for the example given abd@&9]. The certainty factor calculated according to
each method is given as follows.

The mean is calculated and then converted from a scald@ft® a CF scale of-D.
Note that the calculated mean may not be present in the raw data.

Mean: (0+8+5+10+10)/5 = 6.6 which on a scale-dfi@ shown as 0.66, and which is
then rounded up to 0.7.

Median can be calculated for any given set of data. In the example shown above (0, 5,
8, 10, 10) the median is the 3rd number or 8, the valuenscibreverted from a scale ofl®
to a scale of 4, i.e. 0.8.

The statistical Mode in a given dataset can also be calculated and then converted to
scale of @1. In this case, mode is 10 and therefore on a scald df flecomes 1.0.

The list of causes raled to symptom(s) is arranged according to the CF of the rules.
Rules with high priority (high CF:-10), and lower priority (medium CF:@8) are presented
to the user as fAmost | ikelyo, and Ali kel yo
(low CF: 1-3) can be provided to the user only if the user selects to see all possible causes.
The knowledge base consists of causes that have been confirmed to correlate with symptoms
by information from both literature and responses from human experts.eftaety factor

given by experts to each cause and symptom allow the system to present the correct order of
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the rules that combine the expertsodo experie
significant/frequent causes of that particular symptom. absence of human expert
responses, ranking is carried out based on the significance of the causes found in the
literature. However, these may not accurately reflect the causes that are potentially more
significant or applicable to the case. Forsymptoneo ( S01) fAReproduci bil i
(C001) AToo high alkalinityo responses fror

resultant CF for this relationship based on various calculation methods is as follows:

Social choice thedady CH=Bor dao ranking met

Fuzzy logic theory (Matlab fuzzy logic toolbox) CF = 0.8

Statistical methods: Mean CF=07
Median CF=0.8
Mode CF=10

The weighted average, used as a ranking method, gives the same result as the
statistical mean, and this was fouto be the best method to implement in the expert system
described. Fuzzy logic is good to use when one of the responses from experts includes
uncertainty in the relationship between the cause and the syn@@0mFuzzification of the
responses into regions, as opposed to a crisp value, is then recommended. For the example
shown, the resultant CF based on fuzzy logic is equal to the calculated median, which is
slightly higher than the calculated CF based on weahanking system. Using Median or

Mode would result in changing the order of causes entirely, where the real rank of the cause
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may not be necessarily represented. For example responses from the five experts for cause

109 AToo

CF for

t his

high

cause

woul d

be A00, and

d r :y0j OnQy 10f 16. i phe Mealianuor Mode aee rused, the

t wo

exp

summary of the CF for relationships between both causes (C001: Too high alkalinity, C109:

Too high drying temerature) and symptom 1 (Reproducibility), are analyzed by various

methods and shown in Table 4.1.

Table 4.1 The CF for two causes (C001, C109) and one symptom (S01) calculated by

various methods.

Expert
Cause Theory Method Calculation | CF
responses
Weighted | [(10%x2)+(8%x1)+(5%1)
Social choice 0.7
ranking +(0x1)]/50
Matllab (10,10,8,5,0) 41.7
Fuzzy logic 0.8
toolbox Y 41. 7]
Co001:
[(0+8+5+10+10)/5]/1
Too high | 0,8,5,10,10 Mean 0.7
0
alkalinity
(0,58,10,10) =8
Mathematical| Median 0.8
Y8/ 10
(0581010 =
Mode 1.0
10/10
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Table 4.1 (continued)

Expert
Cause Theory Method Calculation | CF
responses
Weighted
Social choice [(0x3)+(10x2)]/50 | 0.4
ranking
Matlab (10,10, 0, |
C109: Fuzzy logic 0.5
toolbox 25/50
Too high
[(0+0+0+10+10)/5]/1
drying | 0,0,0,10,10 Mean 0.4
0
temperat
(0,00, 10, 10)
ure Mathematical| Median 0.0
0/10
(000, 10, 10)
Mode 0.0
0/10

Someexpert systems adopt the concept of having one expert as the main expert for
the validation of the knowledge base. This may be used if there are conflicts in the responses;
such as one expert giving a high certainty level, while another giving a lowntetével for
the cause and symptom relationship. In this case, median or mode can be used as they would
generally consider one response over another. However, all participating experts in this study

had many years of experience in the field and represkedtfferent global regions.
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Thus variations in responses could also be representative of common regional faults as
experienced by those experts. Therefore, the weightethge ranking system reflected a
more reliable method for the development of thdesysas it considered responses from all
experts equally. An example of the prioritized rules for all causes associated with symptom 1

is shown in Table 4.2.

Table 4.2 Prioritized rules list of causes for symptom S1: Reproducibility (E denotes expert).

Weighted| High | Medium | Low
Cawse Description E1|E2|E3|E4|E5
ranking | CF CF CF

C046 | Dye precipitation | 10| 10| 10| 10| 10 50 10
Incorrect auxiliary

C043 10/ 10(10|10]| 6 46 9
weighing
Too low

C028 10| 8 (10| 10| 7 45 9
temperature
Excessive

C032 10| 6 | 10| 10| 8 44 9
alkalinity
Dyeing time too

C034 10/10|10| 10| 3 43 9
short

Misuse of dyebath
C045 10| 8 |10|10| 5 43 9
assistants
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Table 4.2 (continued)

passes into the dye

liquor

Weighted| High | Medium | Low
Cause Description E1|E2|E3|E4| E5
ranking | CF CF CF
Incompatibility of
C042 10/10|10(10]| 2 42 8
reagents
C031 | Rapid shift of pH 8 10|10 5 33 8
Dyebath liquor to
C035 | goods ratio (LR) 10/10| 7 |10 4 41 8
too low
Poor quality
C061 10/10,10(10| O 40 8
dyestuff
Incorrect dye
Cco64 10/10,10(10| O 40 8
weighing
Dye
C072 10|10 |10(10| O 40 8
incompatibility
Substrate is not we
out thoroughly as it
C076 10/10,10(10| O 40 8
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Table 4.2 (continued)

auxiliaries and

dyes

Weighted| High | Medium | Low
Cause Description E1 | E2|E3|E4| E5
ranking | CF CF CF
Rapid rise of
C030 8110|10| 4 32 8
temperature
Electrolyte
C038 | concentration 5(10/10|10]| 4 39 8
too low
Too short
C023 10(10| 3 |10 5 38 8
processing time
Poor quality
C047 | (aged/old) 8 |1 8]10|10]| 2 38 8
auxiliary used
Dye
C069 8 |10/ 10(10| O 38 8
sedimentation
Non-uniform
concentratia of
C073 10/ 8 |10|10| O 38 8
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Table 4.2 (continued)

Weighted| High | Medium | Low
Cause Description E1|E2 | E3|E4|E5
ranking | CF CF CF
Improper dye
C060 10 10/10| O 30 8
selection
Inadequate
C024 | removal of colored 10| 10| 5 | 10| 2 37 7
material
Too long
CO006 | processingtimein| 8 | 8 | 1 |10| 9 36 7
scouring
Dyebath liquor to
C036 | goods ratio (LR) | 10| 10| 2 | 10| 3 35 7
too high
Too long
CO009 | processing time in| 5 3 (10|10 28 7
degumming (silk)
Sodium silicate
Cco44 8 ([10|10| O 28 7
residues
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Table 4.2 (continued)

Weighted| High | Medium | Low
Cause Description E1|E2|E3|E4| E5
ranking | CF CF CF

High dye diffusion

C065 8 110(10| O 28 7
coefficient
Low dye diffusion

C066 8 110(10| O 28 7
coefficient
Too high dye

Co67 8 110(10| O 28 7
migration

CO063 | Poor dye migratior 8 110/10| O 28 7
Presence of metal

C021 5|10 3 /10| 6 34 7
(iron, copper)
Presence of tin

C026 5 10| 5 20 7
salts
Too high alkalinity

Co001 0| 8| 5|10/ 10 33 7
in scouring
Presence of iron

Co017 3|10 510| 5 33 7
salts
Low solubility of

C049 5|18(10/10| O 33 7
auxiliary
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Table 4.2 (continued)

Weighted| High | Medium | Low
Cause Description E1|E2 | E3|E4|E5
ranking | CF CF CF
CO71 | Dye aggregation | 5| 8 |10|10| O 33 7
Rapid exhaustion
C074 5|18 |10(10| O 33 7
rates
Complete removal
C004 10| 0| 7| 8 25 6
of wool wax
Too high alkalinity
C010 | in degumming 10 5(110| 0 25 6
(silk)
Too low
C015 | concentration of | 10 5110 0 25 6
soap
CO007 | Soap residues 319 (3|79 31 6
Acids used too
C013 10, 6 | 1 |10 3 30 6
strong
Concentrated
C025 | sulphuic acid, or 10| 2 12 6
nitric acid
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Table 4.2 (continued)

Cause

Description

El

E2

E3

E4

ES

Weighted

ranking

High

CF

Medium

CF

Low

CF

C005

Presence of
extra dirt or
vegetable

matter (VM).

23

C012

Too high
temperature in
degumming

(silk)

23

C078

Did not dry
fabric after
padding and
before passing
on to the next

process

10

10

28

C096

Too high
washing

temperature

10

10

28
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Table 4.2 (continued)

Weighted| High | Medium | Low
Cause| Description E1| E2| E3|E4|E5
ranking | CF CF CF
Added
C039 | electrolyte too 5]51]10]| 2 22 6
soon/quickly
Too long
C022 | processingtimel 8 | 8 | 1 | 10| O 27 5
in bleaching
Substantivity
C063 36|10 8|0 27 5
too low
CO070 | Dye bleeding 6 10| O 16 5
Use of acid
(milling) dye
C053 | under stong 51| 8 1|7 21 5
acidic
conditions
Substantivity
C062 3 10/ 8 | 0 21 5
too high
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Table 4.2 (continued)

Weighted| High | Medium | Low
Cause Description E1|E2 | E3|E4 | E5
ranking | CF CF CF
Excessive amoun
C041 5183|100 26 5
of auxiliaries useq
Unevemess of
packing (loose
CO075 5185 7]0 25 5
stock, yarn,
fabric)
Too few wash
C090 5|101]10/10| O 25 5
cycles
Too low washing
C095 5|101]10/10| O 25 5
temperature
Too much
C014 | bleachingagents| 5 | 8 | 1 |10| O 24 5
used
Dyeing time too
C033 8|10/ 5| 1|0 24 5
long
Use of 1:2 metal
C051 518118 23 5
complex dye
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Table 4.2 (continued)

Cause

Description

El

E2

E3

E4

ES

Weighted

ranking

High

CF

Medium

CF

Low

CF

C008

Incomplete
removal of

impurities

10

18

C019

Used suiur-
containing
bleaching agentg
(sodium

dithionite)

22

C055

Use of reactive
dyes in piece
and yarn hank

dyeing

10

22

C080

Water hardness:
presence of salt
of calcium or

magnesium

10

22
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Table 4.2 (continued)

movement

Weighted| High | Medium | Low
Cause| Description E1| E2|E3 | E4|E5
ranking | CF CF CF
Use of
CO057 | premetalizeddye 5 | 8 0 13 4
1:1 at neutral pH
Use of
C020 | Hypochloritesas| 3 |10 1 | 7 | O 21 4
bleaching agent
Presence of
C083 10 0 |10] 1| O 21 4
chlorine
Too high
C002 | temperaturein | 3 | 5| 1| 6| 5 20 4
scouring
Too high
C084 510|510 0 20 4
turbidity
Inadequate
C091 | fabric, water 5(/0]5 10| 0 20 4
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Table 4.2 (continued)

Cause

Description

El

E2

E3

E4

ES

Weighted

ranking

High

CF

Medium

CF

Low

CF

C092

Wash bath
liquor to goods

ratio toolow

10

20

C109

Too high drying

temp.

10

10

20

C018

Presence of
hydrogen
peroxide

residues

10

16

C056

Use of chrome
dyes to match
deep shades of
black and navy

blue

C040

Prolonged
boiling dyebath

treatment

10

19
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Table 4.2 (continued)

Cause

Description

El

E2

E3

E4

ES

Weighted

ranking

High

CF

Medium

CF

Low

CF

CO079

Direct contact of

infrared heat and

substrate

19

C081

Presence of
manganese/alum

num

10

15

C082

Presencef

iron/copper

10

15

C093

Misuse of

finishing agents

10

15

C050

Use of 1:1 metal
complex dye
under strong

acidic conditions

11

C029

Too high
temperature in

dyebath

18
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Table 4.2 (continued)

Cause

Descrigion

El

E2

E3

E4

ES

Weighted

ranking

High

CF

Medium

CF

Low

CF

C097

Foaming in
boiler: excessive
alkalinity carrying
solid particles

with steam

18

C052

Use of acid (seif
leveling dyes for

dark shades

10

17

C089

Alkalinity of

water

17

C085

Presence of

silicate deposits

10

10

CO086

Presence of
suspended

insoluble contentg

10

10

C104

Worn off padding

rollers

10

10
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Table 4.2 (continued)

Weighted| High | Medium | Low
Cause  Description E1| E2|E3|E4| E5S
ranking | CF CF CF
Too long drying
C105 5/0[1]10|0 16 3
time
Too long pre
C108 0O/ 1]10| 0 11 3
drying
Overload in
C101 0 8|0 8 3
machine
Stretching fabric
too much on
Co77 318|110 13 3
open width
machines
Stores pretreate(
C027 | fibers under 8/1|1|0 10 3
influence of light
Use of mordant
C058 | dye 5 0 5 3
(metachrome)
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Table 4.2 (continued)

Weighted| High | Medium | Low
Cause Description | E1|E2 | E3| E4 | E5
ranking | CF CF CF
Use of mordan|
CO059 | dye (after 5 0 5 3
chrome)
Useof acid
C054 | (supermilling) | 5 1,0 6 2
dye
Residual
co87 02 |5]0 7 2
soaping
Too high flow
C099 510 1|0 6 2
rate
Too low flow
C100 510 1|0 6 2
rate
Too high
C003 | mechanical 130 4 1
pressure

320



Table 4.2 (continued)

Cause

Description

El

E2

E3

E4

ES

Weighted

ranking

High

CF

Medium

CF

Low

CF

C011

High
mechanical

stress

C094

Vigorous
mechanical

action

C098

Surfactant
deposits from

wash off liquor

CO037

Too vigorous
agitation in

dyebath

C106

Too short

drying time

CO016

Soap from
cottonseed or

coconut oil
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Therefore, based on previous analyses together with reviewing scholarly resources, a
diagnostic expert system in the coloration industry can belee ped wusing the
ranking system. This approach is found to be suitable to analyze the responses from experts
and generate the CFO0s to prioritize rules i
concept of an expert system is to provide tiser with facts and obtain suitable advice in
return. On the other hand fuzzy logic can be useful when opinions about causes contain
significant wuncertainties. In these cases,
donét know WwWhwt herreaubke in symptom B, o0 or
prudent to fuzzify systemobs response(s) as

uncertainties.

4.6.2 Description of ES for protein fibers

Dyeing Expert System for Protein Fibers (or Dex{€r) was developed using an
expert system shell, wxCLIPS (WIN32) with fuzzy extensions (c) CLIPS version 6.0, and
wXCLIPS version 1.64361]. It was developed by NASA, National Research Council of
Canada (NRC), Julianngart, and AlAIl in 1996. This extended version of CLIPS can be
called FuzzyCLIPS, as the modification enables the capability of handling fuzzy concepts
and reasoning to CLIPE51,36]. DexpertPT has been designed to determine the root
cause of faults in dyeing of protein fibers. Identification and diagnosis of faulty dyed samples
is a knowledgéased activity, which can be divided into three phases, described below. The

system arcitecture is illustrated in Figure 4.28.
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1 Phase iMain interface: The system seeks input from the user to first identify which
types of fibers the user is working with. Twelve types of fibers have been included in the
system and the user can choose fromapaamel, cashmere, guanaco, llama, mohair,
muskox, rabbit, silk, vicuna, wool, and yak. Once the fiber type has been selected, the
user then selects the form of substrate, i.e. fibers, yarn, fabric, or garment on the interface
screen. This action leads initial sorting of the symptoms according to the form of the
protein fibers under examination.

1 Phase Hinference:Variables such as type of yarn forming, or type of machines used are
then considered with a view to examine the appropriate section &htvdedge base.
An interactive session involving queries about the symptoms is then initiated. The
responses to the questions are processed to facilitate finding théikelystause(s) of
symptom(s). Users are able to select only a specific cause gategtiagnose, or if no
category was selected, the system defaults to selecting all possible causes for the
symptom(s) from all categories.

1 Phase lltDiagnose:This step involves an interaction between the user and the expert
system in which the cause(d) @ symptom or several symptoms are given. In addition,
the user is provided with an opportunity to let the system show all possible suggested
cause(s) to the symptom(s). In each step, the database examines the causes based on the
certainty factors. Theesr can al so highlight each cause

and receive more information on the selected causes for the symptom(s).
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Usea-interface

Symptoms selection (single & multiple choices)

12 fiber types 4 substrates || 16 symptoms || 4 causes
Alpaca Muskox || Fibers category
Camel Rabbit Yarn
Cashmere Silk Fabric

Guanaco Vicuna|]l Garment
Llama Wool
Mohair Yak

Search appropriate database

Componentsd t he systemos e

Priority of Rule Selection of rule DB advisor for
Certainty factor for diagnosis explanation
Salience

Fuzzy inference

Diagnose and explain session

v v v v

e T —— —

Database 1 Dat abase 2 Database n

Figure 4.280verall architecture of the Dexpd?ll system knowledge base.
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4.6.2.1Knowledge representation

I n order to work with AI and ES based on
defined first.In technical terms, logic is the study of making valid inferences. This means
given a set of true facts, the conclusion will always be true, and similarly for an invalid
inference a false conclusion would be reached with true facts. A clear distinctieeehe
formal and informal logic is needed to be understood as [@68]. A complex logical
argument is a chain of inferences in which one conclusion leads to another and so on. In
formal (or symbolic) logic, ta inferences and other factors which enter into proving the true
or false final conclusion in a valid way are the most imporfd64]. Logic also needs
semantics to give meaning to symbols. Knowledge representatiBj liids long been
considered central to Al because it is as significant a factor in determining the success of a
system as the software that uses the knowl¢8ige]. KR is of major importance in ES for
two reaons. First, ES are designed for a certain type of knowledge representation based on
Arul es of | ogi co call ed Ai nferenceso. Norr
conclusions from facts. People are not very good at this because we tend to mix up the
sanantics with the reasoning process, therefore we do not always reach a valid conclusion.
Good examples of this occur in ads for political races. The method of reasoning that uses no
facts, unreliable facts, or the same facts to reach completely oppositasions is the basis
of political logic. Making inferences is the formal term for a special type of reasoning that
does not rely on semantics (the meaning of words). The object of inferences is to reach a

valid conclusion based on the facts and formhoét ar gument . I n | ogic, t

325



means the formal way that facts and rules of inference are made to justify a valid conclusion.
The second reason KR is important, is its effect in development, efficiency, speed, and
maintenance of the system. $hs similar to the situation in ordinary programming where

the choice of data structure is of fundamental importance to the program. A good program
design must choose from simple named variables, arrays, linked lists, queues, trees, graphs,
networks or egn stanealone external databases. In CLIPS, the KR can be rules, templates,
objects, and fac{866].

Other words such as data, facts, and information are often used interchangeably with
knowledge. People may desolutions to problems through reasoning and experience. The
general term for using experience to solve &
of heuristic expbasedceeasencagbedwhenseprev
Apeedent sd0 are used for reasoning. Knowl edge
of Wirthés classic expression for ES is as f

Knowledge + Inference = Expert Systems
Knowledge in rulebased ES is defined as the rules that were activated byofaatiser rules

to produce new facts or conclusions. A conclusion is the end product of a chain of reasoning,

called Ainferencingo when done according to
is an essenti al part of eraean ceixnpgedr ti sSs ygd rean. a
mechani cal systems such as ES, while fAreaso

the process the double arrow (=>) means apply the produsiéns
A set of rules can be incorpdea into a rulebased ES, which can then be used to

generate diagnostic solutions. Some general production rules are formulated as follows:
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If Condition A

Condition B

Then Consequence A

Consequence B

The production rules are compiled in a rbkese knowledge base with the following
format:

| f <attributel><at Then Keffecel2<€El>]<at tri but e3>

[<effect2><CF2>]
[<effect3><CF3>]

The attribute of the pattern on the {afind side is a structure feature such as the
category of alyeing defect. An example of the pattern is <inadequate fastness>, <process>,
<machinery>,etc. TheGlar e t he certainty factor that ref
example of the knowledge representation pattern in De@¥ers shown in Figure.29. In
this example, if the user selects; general unlevelness as a symptom, silk as the fiber type,
yarn as the substrate form, cone as a yarn forming type, and package as a dyeing machine
used, the DexpeRT system will assert the most likely possible cs e as AToo |
al kalinityo. However, i n most cases, dyeing
several sources. Therefore, to come to the conclusion, the system needs to collect various

possible causes and identify them at the initial stafjadahe causes of the fault.
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(defrule silk yarn

QD
(unlevelnespa symptom unlevelness Category
A
< : ( ——— s —— -
(Cone)a yarn formlng type Pretreatment Aftertreatment

(packagel dyeing machin

Bleaching Weighting

Degumming
- J

=> -
> Y <X
i Nty 3 Soap residues|] Presence of iron]] Presence of
(assertipo high alkalinity a cause High catte: hyarogen ||t satte
Possible alkalinity peroxide
causes Strong acids residues, metals
Imburities

Figure 4.29An example of the knowledge repentation pattern in Dexpd®(T.

4.6.2.2Inference Engine

Depending on the design, an inference engine will do either forward or backward
chaining or both. Diagnostic problems are better solved with backward chaining, while
prediction, monitoring, and controlebetter done by forward chaining. CLIPS was designed
to execute as fast as possible and be suitable for deployed applications in small memory
deviceq368].

The working memory may contain facts regarding the current status of the traffic

~

|l ight such as Athe | ight is greeno or #fAthe
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only one fact will be in memory. Facts donotintesaétt h one anot her . The
greeno has no effect on the fact fAthe 1ight
working memory, the inference engine will notice that this fact satisfies the conditional part
of the Green_light ruland put this rule on the agenda. If a rule has multiple patterns, then all
of its patterns must be simultaneously satisfied for the rule to be placed on the agenda. Some
patterns may be satisfied by specifying the absence of certain facts in working memory
[369,370]

A rule whose patterns are all satisfied is said to be activated or instantiated. Multiple
activated rules may be on the agenda at the same time. In this casesrdrecantngine must
select one rule for firing, to prevent the rule to firing the same fact over and over again.
Following the THEN part of the rule is a list of actions to be executed when the rule fires.
This part of the rule is known as the consequentigitt-handside (RHS). When the
Red_ Il ight rule fires, its action Astopo i s
its action is fAgoo. Speci fic actions wusuall
working memory or printing result$he format of these actions depends on the syntax of the
ES | anguage. For exampl e, in CLIPS, the act
memory would be (assert stop), parentheses are required around patterns anfB8@8tions

The inference engine operatesr@ctognizeact cycles(which can also be called as
selectexecute cycle, situatieresponse cycle, or situatikaction cycle). The inference
engine will reatedly execute a group of tasks until certain criteria cause execution to cease.

The general tasks are shoimrthe following pseudocode as;
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WHILE not done

Conflict resolution:If there are activations, then select one with the highest priority,

else doe.

Act: Sequentially perform the actions on the RHS of the selected activation. Those
that change working memory have immediate effect in this cycle. Remove the activation that
has just fired from the agenda.

Match: Update the agenda by checking if the LESany rules is satisfied. If so,
activate them. Remove activations if the LHS of their rules is no longer satisfied.

Check for haltif a halt action is performed or break command given, then done.

END-WHILE

Accept a new user command

Multiple rules may e activated and placed on the agenda during one cycle.
Activations will be left on the agenda from previous cycles unless they are deactivated
because their LHS is no longer satisfied. Thus the number of activations on the agenda will
vary as execution poeeds. Depending on the program, activation may always be on the
agenda but never selected for firing. The inference engine executes the actions of the highest
priority activation on the agenda, then the next highest priority activation, and so on until no
activations are left. Agenda conflicts occur when different activations have the same priority
and the inference engine must decide on one rule to fire. Different shells have different ways
of dealing with this problem. In CLIPS, rules have the same Hefaarity unless assigned

different ones by the knowledge engineer. At this time, control is returned topthevel
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command interpreter for the user to give further instructions to the ES shell. Tleedbs
the default mode in which the user commitates with the ES, and is indicated by the task
AAccept a new us e -leva titahacoeptothe ndwtcomimgldit3f2¢ t o p
A key feature of an ES is an explanation fagithat allows the user to ask how the
system came to a certain conclusion. The question of how the system came to a conclusion is
easy to answer in a ruleased system since a history of the activated rules and contents of
working memory can be maintaingda stack. This is not readily available in artificial neural
networks, genetic algorithms, or other systems that evolve. Although attempts have been
made to provide an explanation capability in some systems, they cannot match the clarity of a

human degined EJ373].

1 Fuzzy logic

Fuzziness occurs when a boundary of information is not -detarFor example
young, tall, good, or high are fuzzy. There is no single quantitative value which defines the
term young. Fosome people, 25 is young, while for some 35 is young. Age 1 is definitely
young and age 100 is definitely not young, however age 35 has some possibility of being
young as well as some possibility of being not young, and usually depends on the context in
which it is being considered. The representation of this kind of information in FuzzyClips is
based on the concept of fuzzy set theory. Unlike classical theory set, in fuzzy set theory,
membership of an element to a set can be partial, an element belangsttwith a certain

grade (possibility) of membership. More formally, a fuzzy set A in a universe of discourse U
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is characterized by a membership function:
e A A [0U] 1)
A membership functi a® inalesantewral Pllengh @ah n u mb e
element x of U. This number represents the grade of membership of x in the fuzzy set A. For

example the fuzzy term fAyoungo might be defi

Table43An exampl e of fuzzy term fAyoungo.

Age Grade of Membership
25 1.0
30 0.8
35 0.6
40 0.4
45 0.2
50 0.0

Regarding equati opind 3B0), =0 fedBl) a @ Grade izft e : ¢

membership values constitute a possibility of the term y§airdj.

1 Uncertainty

Uncertainty occurs when one is not absolutedgtain about a piece of information.

The degree of uncertainty is usually represented by a crisp numerical value on a scale
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ranging from 0 to 1, where 1 indicates that an expert system is very certain that a fact is true,
and a certainty factor of O indites that it is certain that the fact is not true. A number of
theories have been designed to deal with uncertainty. These include classical probability,
Bayesian probability, Hartley theory based on classical sets, Shannon theory based on
probability, DenpsterSh af er t heory, Mar kov model, and
theory and fuzzy theory are very popular in many diverse areas such as biology, psychology,
music, and physics. The deductive method (a
facts and the exact conclusions that follows from those facts. On the other hand, an inductive
argument does not guarantee the truth of the conclusion like a deductive one. The premises
of an inductive argument give support to the conclusion but are noargead. When
uncertain facts are involved, exact reasoning does not apply although people may mistakenly
think it does. Uncertainty increases the number of possible outcomes so that it may become
not merely difficult but impossible to find the best solatiEven worse, uncertainty may

lead to faulty reasoning. In dealing with uncertainty, it may be better to settle not for the best
solution but a good solution. ES may consist of deductive and inductive rules, where the
inductive rules are of a heuristictnee. Humans do not process uncertain information in the
best possible way. Inconsistencies, inaccuracy, and all other possible errors of uncertainty
may show up. One of the reasons that ES is not written in a conventional language is for the
inference enige to operate like a person and not always make the same decision when rules

of equal priority are applicab[875].
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In FuzzyCLIPs, a fact is composed of two parts, the fact and its uncertainty factor,
and geerally a fact takes the following form:
(fact) [CF certainty factor]

Certainty factors may be also associated with entire rules:
(defrule flightrule

(declare (CF 0.95)) ; declares certainty factor of the rule

(animal type bird)

(assert (animal can fly

This certainty factor represents the hypothesis that 95% of the time, if an animal is a
bird, and then it can fly. Similar to facts, if the certainty factor of a rule is not declared, it is
assumed to be equal to the value 1.0.

Uncertainty and fuzzirgs can occur simultaneously:

(deffacts FuzzyAndUncertainFact

(Speed_error more_or_less zero) CF 0.9
)

(defrule Uncertain_rule

(declare (CF 0.8))

(Johns_age young)
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(asserts (John goes to school) )

Where Speed_error and Johns_age are fuzzy variatdes and young are fuzzy
terms, more_or_less is a fuzzy term modifier and 0.9 and 0.8 are certainty factors associated

with a fact and a rule respectiveB/7g.

1 Inference techniques

There are three types of techniques: CRISP_, FUZZY_CRISP, and FUZZY\Y¥UZ
The part before the underscore refers to the antecedent, and the part after the underscore

refers to the consequdi76].

-  CRISP simple rule

This is if the antecedent of the rule does not contain a fuzzy objgetidiess of
whether or not a consequent contains a fuzzy fact; i.e.
(defrule crispsimplerule

(declare (CF 0.7))

(light_switch off)

(assert (illumination_level dark) )
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If the fact (light_switch off) CF 0.8 has been asserted into the fact datalmase tthe
firing of the crispsimplerule;
(ilumination_level_dark) CF 0.56 where the certainty factor of the conclusion has been
calculated as follows:

CF=0.7x0.8

- FUZZY CRISP simple rule

If only the antecedent contains a fuzzy fact, then the typalefis FUZZY_CRISP.
Some notations may be shown as:
If Athen C
Ad

A6 must be a fuzzy fact with the same f u:
occur and the rule to be placed on the ag
re@mesented by the fuzzy sets F and FO6 do not
conclusion C6 is equal to C. The CF of the <c

CR=CRxCRkrxS

Where S is a measure of similarity between the fuzzy set F (determined by the fuzzy

patten A) and FO6 of t hces then@ttamtly fagtog of theacoriclusiargCF, CF

is the certainty factor of the rule, and{G$the certainty factor of fact. If the fuzzy sets do
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not overlap, then the similarity measure would be zero and thairggrfactor of the
conclusion would be zero as well. In this case, the conclusion should not be asserted and the
match would be considered to have failed and the rule would not be placed on the agenda.
(defule simplefuzzy-crisprule

(declare (CF 0.7))

(fuzzy-fact fact2)

(assert (crispgact fact3) )

- FUZZY FUZZY simple rule

If both antecedent and consequent contain fuzzy facts, then the type of rule is known
as FUZZY FUZzY. This is shown as:
(defrule fuzzyfuzzy-rule

(temperature hot) ;both antecederand consequent are fuzzy objects

(assert (temp_change little) )

(temperature warm) ;a fact in the fact database

The type of inference method used is commonly referred to asmmmexule of

inference. The conclusion is clipped off at the z value. FhezyCLIPS function set
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inferencetype allows the control of the method used. The certainty factor of the conclusion
is obtained by CF= Ck x CF.

One of the main strengths of an ES is its ability to handle uncertainty. Dealing with
uncertainty is onefahe main advantages of an ES over a simple decision tree in which all
the facts must be known to achieve an outcome. Some methods of reasoning dealing with
uncertainty include probability theory and f
res o0 n i [B7g).0Some ES tools have uncertainty built into the language including two
versions of CLIPS that were customized to he
by the National Research Council of Caa4878], and another developed by the Togai
InfraLogic [379]. However, before using the customized tool, the knowledge engineer should
ensure that it is the o@ct method for handling uncertainty. It may be that coding particular
rules or defining an uncertainty function, rather than using a special tool, would be sufficient.
Selection of rules takes various factors into account, such as fiber types, substnate
symptoms, machines, etc. These rules have a commdimHEN structure and can be
manipulated by the backward chaining method. In the DeXErsystem, certainty factor

and salience are used to prioritize rules.

4.6.2.3Inference approach of DexpeiPT

This interface is structured to enable the user to select more than one symptom, if desired,
thus the selection of symptoms is not limited to a certain number. In other words, in an

extreme case, the user may select all symptoms. This feature of the systamasopossible
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by applying a dynamic salience approach. In addition, this approach is adopted in order to
solve the problem rapidly by starting with the most likely causes of all symptoms that are
chosen by the wuser. The 0 rderxo agcesb the diagnosiss h o u |
interface (Fig.4(a¥(d)), which allows the user to select the related dyeing form and dyeing
machines, based on the substrate form selected earlier, and obtain a diagnosis for the

symptom(s).

How dynamic is the system?

The exprt systems are based on facts and rules. If a fact matches the antecedent
pattern of a rule, then the rule is activated and fired with a default salience value, which is
zero in CLIPS. If the salience values are equal, the rules are fired accordingrto the
activation order. However, if the salience values of the rules are different, then the firing
sequence is reordered according to the salience values. The firing order starts with rule
having the highest salience value. The declared salience value bleoatdinteger number
between10000 to +10000.

In order to apply the dynamic salience approach, the knowledge base, which consists
of rules, is separated from the codes, which structures the Windows interface. The rules are
coded separately and savedamother file to be called when they are needed. The dynamic
salience approach applied in this system is based on summation of the values obtained from

the survey and can be explained using the following example:
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The survey consisted of 16 symptoms an@ pbssible causes. The symptoms are
presented to the user in order to be selected on the third interface shown in Fig@(d)3(a)
However, 110 causes are defined as single rules with the salience values which are defined as
a global variable at the bewiing of the diagnosis module and set to the default value of zero.
These rules are saved in a separate file. The structures of the rules are as follows:

(defrule cause_1

(declare (salience ?*salience001%*))

(c001)

=>

(askquestionupdatecauses "a quesin related to cause_1 will be placed here" YES
"Answer related to cause_1 will be placed here")

(defrule cause_2

(declare (salience ?*salience002*))

(c002)

=>

(askquestionupdatecauses " a question related to cause_2 will be placed here" YES
"Answer relded to cause_2 will be placed here")

é .

.defrule cause 110

(declare (salience ?*salience110%))
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(c110)
=>
(askquestionupdatecauses " a question related to cause_110 will be placed here" YES
"Answer related to cause_110 will be placed here"))
Let us asume that the user selects symptoms S14, S15, and S16, and their possible

causes are as shovim Table 4.44.6.

Table 4.4 The possible causes of S14

C010| Too high alkalinity during degummin| 5

C001| Too high alkalinity during scouring | 5

C009 | Too long processing time 4

C085 | Presence of silicate deposits 4

Table 4.5The possible causes of S15

CO077 | Stretch fabric too much on open width mach 6
C002 | Too high temperature 6
C001 | Too high alkalinity during scouring 5
CO011 | High mechanical stress 4
CO009 | Too long processing time 4
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Table 4.6 The possible causes of S16

C027 | Storage of pretreated fibers under influence of | 8
C001 | Too high alkalinity during scouring 5
C105| Too long drying time 5
C009 | Too long processing time 5
C017 | Presence ofon salts 5

The numbers in the table are the CF results that are obtained from the survey and

calcul ated according to the weighted

when a user selects symptoms S14, S15, and S16, the system will folldalldineng

sample code. The codes that runs when S14 is selected:

(if (neq ?*factsymptom14* 0) then

(bind ?*salience010* (+ ?*salience010* 5))

(bind ?*salience001* (+ ?*salience001* 5))

(bind ?*salience009* (+ ?*salience009* 4))

(bind ?*salience085* (+ ?*salience085* 4))

;;;asserting likely causes {8) related to s14

(bind ?*cause010* (assert (c010)))

(bind ?*cause001* (assert (c001)))

(bind ?*cause009* (assert (c009)))

(bind ?*cause085* (assert (c085))))
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According tothis code, when S14 is selected, the system calls the related saliences
and adds the related values to the saliences. According to Table 1, the system will call the
salience 010 and add 5 to its current value. As can be noticed, the values are muwtiplied b
in order to eliminate possible problems that might occur due to decimal numbers. For S15
and S16, the system will run a similar code as shown:

(if (neq ?*factsymptom15* 0) then
(bind ?*salience077* (+ ?*salienceQ77* 6))
(bind ?*salience002{+ ?*salience002* 6))
(bind ?*salience001* (+ ?*salience001* 5))
(bind ?*salience011* (+ ?*salience011* 4))
(bind ?*salience009* (+ ?*salience009* 4))
;;;asserting likely causes {8) related to s15
(bind ?*cause077* (assert (c077)))
(bind ?*cause002* (assert (c002)))
(bind ?*cause001* (assert (c001)))
(bind ?*cause011* (assert (c011)))
(bind ?*cause009* (assert (c009))))

(if (neq ?*factsymptom16* 0) then
(bind ?*salience027* (+ ?*salience027* 8))
(bind ?*salierce001* (+ ?*salience001* 5))

(bind ?*saliencel05* (+ ?*saliencel05* 5))
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(bind ?*salience009* (+ ?*salience009* 5))

(bind ?*salience017* (+ ?*salience017* 5))

;;;asserting likely causes {b) related to s16

(bind ?*cause027* (assert (20)))

(bind ?*cause001* (assert (c001)))

(bind ?*causel05* (assert (c105)))

(bind ?*cause009* (assert (c009)))

(bind ?*cause017* (assert (c017))))

As can be noted, there are common causes between the symptoms shown. These

common causes caitiute to the resultant salience value by adding the values according to
the survey. The change in the salience is shown in Table 4.7. According to their new

salience values, the firing sequence will start with the question concerning cause C001.

Table 47. The new salience values

c001| 15

c009| 14

c027| 8

c077| 6

c002| 6

cl05| 5
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Table 4.7 (continued)

c017|5

c010| 5

c085| 4

c011| 4

For instance, if the user selects only Symptom 16, then the firing sequence of the
rules would start with the rule egbd with cause C027 since the salience value of the related
rule would be 8 according to Table 3. On the other hand, cause C0O01 is the common cause
among three symptoms, so each symptom contributes with three different salience values and
as a result thealience of C001 acquires the highest value and ranks as the first at the firing
order as the most possible reason of the fault.

However, in this case the challenge is that the user will have to answer 10 questions
and the number of the questions will iease according to the number of selected symptoms.

In order to solve this problem a modification is applied to the rules. Limiting the number of
selected symptoms to a certain number would be a choice, however, instead of using this
approach a threshold lemnce value is defined at the beginning of each rule. Since the
salience values are dynamic the rules are also required to be dynamic. Otherwise, in the case
of a constant value it is possible to disable the rules that should be fired. Thus to select an

appropriate threshold salience value a different approach is adopted, as follows.
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Regardless of the number of selected symptoms the system checks the maximum
value of the salience according to the selection and divides this value by 2. Then the system
takesthis value as a threshold and compares the actual salience value of the rule. If the actual
salience of the rule is higher than the threshold the rule is fired. When the user selects only
one symptom the threshold value allows all of the most likely tolé® fired. Accordingly
the modification of the rule including the code threshold is as follows:

(defrule cause_1

(declare (salience ?*salience001%))

(c001)

(test (> ?*salienceO001* (/ (max ?*salience0O0
=>

(askquestionupdatecauses"a question related to cause_1 will be placed heMES

"Answer related to cause_1 will be placed h¢re"

How does the system deal with different fiber types?

The above section is an example of the general concept for implementation of
dynamic rules. Since more than one type of fiber is incorporated in the system rules should
also consider the type of fiber as a part of the inference process. As mentioned in chapter 2
IWTO classifies all animal fibers which are similar to the fibers iobthfrom sheep (e.g.
goat , rabbit, camel family, and bovines) as

(keratin) fibers as sheep wool and it is not easy to differentiate between them chemically.
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Therefore, in the coding process, wool refers fokaratin fibers produced by various
animals.

These hair fibers are mostly processed, dyed, and finished using similar machinery to
those used for sheep wool, but the settings and conditions (such as dyeing, finishing recipes,
etc.) are adjusted to sulte specific characteristics of each fiber. Hence, each fiber would
have different explanation message stored in the knowledge base. The salience rules were
created based on two modules for silk and wool, as they have different preparation process
(e.g. souring, degumming, and carbonization). For example, the differences between cause
lists of wool and silk, combined with salience rules of symptom16 are shown below;

:1:S16 (silk)

(if (and (neq ?*factsymptom16* OMéq ?*factfibersilk* 0)) then

(bind ?*salience027* (+ ?*salience027* 8))
(bind ?*saliencel05* (+ ?*saliencel05* 5))
(bind ?*salience009* (+ ?*salience009* 5))
(bind ?*salience017* (+ ?*salience017* 5))
(bind ?*cause027* (assert (c027)))
(bind ?*causel05* (assert (c105)))
(bind ?*cause009* (assert (c009)))
(bind ?*cause017* (assert (c017))))
::S16 (wool)

(if (and (neq ?*factsymptom16* 0gq ?*factfibersilk* 0)) then
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(bind ?*salience027* (+ ?*salience027* 8))
(bind ?*salience001* (+ ?*salience001* b)
(bind ?*saliencel05* (+ ?*saliencel05* 5))
(bind ?*salience017* (+ ?*salience017* 5))
(bind ?*cause027* (assert (c027)))
(bind ?*cause001* (assert (c001)))
(bind ?*causel05* (assert (c105)))
(bind ?*cause017* (assert (c017))))

Different causes based on selected fiber types are highlighted in red, as the cause001
is from scouring process, and cause009 is from degumming process, which is specifically for
silk. Now if for example, the user selects all referenced causes to be shiherigtbox, the
explanation for 3 different types of fibers, i.e. Alpaca, Silk, and Wool (sheep) will be as
shown in the Table 4.8. For causes related to specific processes, each fiber would have a

different explanation based on the fiber type selected.

Table 4.8 The explanation for all causes related to symptom S16: Yellowing for 3 fiber

types; Alpaca, Silk, and Wool.

Fiber Causes Explanation

- C027 Storage of UV irradiation on bleached alpaca fibers influences
Q

@

<% fibers under influence yellowing andis related to photalegradation of keratin
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Table 4.8 (continued)

Fiber Causes Explanation

fiber with associated losses in strength, elasticity anc

of light
increase in porosity and swelling of the fiber
Alkaline conditions (pH >7) are far more damaging tk
acid conditions for alpaca. Scouring of alpaca shoulg
done using low detergent volumes as its grease coni
C001 Too high is lesser than that of wool. This will result in less

alkalinity (scouring) | yellowing of alpaca due to adverse etfeof pH. The
total detergent dose based on weight of greasy fiber
throughput, for greasy alpaca is about half dose of

greasy wool scouring.

If alpaca is dyed in a small lot, it can be laid flat to dr

C105 Too long in an ambient temperatufer 24 hours. For machine
drying time drying, it should be tumble dried at low heat (60°C) f
1 hour.

Soften water by using one of the following processeg
CO017 Presence of 1. Lime-soda process

iron salts (bleaching)| Temporary hardness

Ca(HCQ), + Ca(OH} A 2CaCQZ 2H,0
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Table 4.8 (continued)

Fiber

Causes

Explanation

Mg(HCOs)2 + Ca(OH} A MgCQOs +CaCQ Z + 2@
MgCQ;s + Ca(OHY A Mg(OH)Z + C as€ O

Permanent hardness

MgCl + Ca(OH} A Mg(OH).Z + Ca Cl|

CaSQ+ NaCQA CaCQZ + NS

CaCb+ NaCO: A CaCQZ + 2 Na Cl

2. Baseexchange process: base exchange comj
IS zeolite sodium alumina silicate
(NaAISIOA 3,0l

3. Demineralization procesn exchange resin:

cation, anion exchangers

Silk

C027 Storage of

pretreated fibers under

influence of light

As silk is sensitive to lightavoid direct heat or
sunlight for white or light colored silk, this would

help to prevent sil k f

C105 Too long drying

time

After dyeing, silk should be dried at 80°C for 5
minutes, and then soaped at 90°C for 20 minutes
using 1% soap sdilion. Then, it should be washed

with water again and dried at ambient conditions.
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Table 4.8 (continued)

Fiber Causes Explanation

Prolonged boiling of silk in water will produce slow
C009 Too long
degradation and hydrolysi§he extent of degradation
processing time
depends on the pH of the solutions and is minimal betw
(degumming)
pH 4-8.

Soften water by using one of the following processes;
1. Lime-soda process

Temporary hardness

Ca(HCQ). + Ca(OH} A 2CaCQ Z+2H0
Mg(HCOs)2 + Ca(OH} A MgCQOs +CaCQ Z + 2@
MgCQs + Ca(OHY A Mg(OH)Z + C as€ O

CO017 Presence o
Permanent hardness

iron salts )

MgClz + Ca(OH» A Mg(OH).Z + Ca C|

(bleaching) )

CaSQ + NaCQ A CaCQZ + NS

CaCb+ NaCO: A CaCQZ + 2 Na Cl

2. Baseexchange process: base exchange complex is
zeolites sdium alumina silicate (NaAISiA 3,®)

3. Demineralization proceston exchange resin: cation,

anion exchangers

351



Table 4.8 (continued)

Fiber

Causes

Explanation

Wool

C027 Storage of
pretreated fibers
under influence

of light

Avoid exposing wool to sunligtgince it results in concurren
photayellowing and photdleaching of wool. The color

change observed depends on the initial color of the wool ¢
the relative intensities of the different wavelengths. White
wool is yellowed by the UV wavelengths (<380 nmhereas
visible light (406600 nm) photebleaches the existing yellov

chromophores.

C001 Too high
alkalinity

(scouring)

Wool is readily degraded in alkaline solutions, particularly
high temperatures. Use sodium carbonate, instead of strg
alkalissuch as sodium hydroxide, or conduct scouring as
close to neutral pH as possible, or use dilute ammonia

solution at pH 10, for 30 min at 90°C.

C105 Too long

drying time

After washing and thorough rinsing wool should be dried.
a commercial scale anding large mechanical dryers the
wool is set on screen tables with hot air circulation at 135

for 2 hours.

CO017 Presence

of iron salts

Soften water by using one of the following processes;

1. Lime-soda process
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Table 4.8 (continued)

Fiber Causes Explanaton

Temporary hardness

Ca(HCQ), + Ca(OH} A 2CaCQ7Z + 20
Mg(HCOs)2 + Ca(OH} A MgCQO; +CaCQ Z + 2@
MgCQs + Ca(OHY A Mg(OH)Z + C as€ O

Permanent hardness

MgCl, + Ca(OH}» A Mg(OH);Z + Ca C|

(bleaching) )

CaSQ + NaCQ A CaCQZ + NS

CaCb+ NaCO; A CaCQZ + 2 Na Cl

2. Baseexchange process: base exchange complex is zeolif
sodium alumina silicate (NaAISiA 36l

3. Demineralization procesn exchange resin: cation, anior

exchangers

4.6.2.4Creation of the User Interface

User interface is an important element enabtimg user and the system to interact.
The system needs to take information from the user as the input, while the user seeks advice
or recommendations from the system as the output. The user interface uses the information

given to come up with results and é€xplain reasoning activities within the system to the
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user. In DexpefPT system, the type of input given to the system includes fiber type,
substrate forms, symptoms, processes, and machinery. The output from the system includes
the possible causes dig selected symptoms and explanation of the diagnoses. The first
window that user interacts with is shown in Figure 4.30. The software provides the user with

the knowledge base for 12 protein fiber types as shown.

Protein Dyeing Expert System

Dyeing Expert System - Protein Fibers g‘

PLEASE CLICK ON ANY ONE OF THE FIBER TYPE GIVEN BELOW;

\LLAMA MOHAIR.

TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

Figure 4.30The main Interface for DgertPT system
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4.6.2.5Substrate Forms Function

After selecting the fiber type the user is prompted to select the substrate form. In this
system, 4 options are provided, namely, fibers, yarn, fabric, and garment according to the
common forms used in the dyeimgdustry. The substrate selection window is shown in

Figure 4.31.

Protein Dyeing Expert System - Substrate Selection

Dyeing Expert System - Protein Fibers @

PLEASE CLICK ON ANY ONE OF THE SUBSTRATE GIVEN BELOW;

Camel ‘]] BACK
TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014 -

Figure 4.31Interface for the selection of the typical substrate forms in DeXledystem
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4.6.2.6Selection of Symptoms

Once the substrate form has been selected, the interface quilteabout the
symptoms according to the selected substrate. The user must be capable of mapping the
observed symptoms to enable the ES to generate accurate results. The-PExjetloped
at the Color Science Laboratory at the College of Textiles,hNOarolina State University
provides 16 faulty dyeing sample images to elevate the diagnostic accuracy and heighten
user 6s knowl edge and f a-PT dan réaahtae actutate diagnosise | e c |
through selected symptom(s) from real defectedges and apply the reasoning process to
the selected symptom(s). The imeaggection component is employed to identify and
classify dyeing symptoms into a knowledge base. Figures 4.BRjure 4.35 show the
interface windows for different symptoms andufdypes of substrate forms. The user is
presented with a large number of options whereby they can select a minimum of 1 and a
maximum of 16 symptoms simultaneously (N.B the maximum selection is only applicable to

AFabricd substrat dodfagnosm) , and then proceed
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Protein Dyeing Expert System - Symptom Selection
Dyeing Expert System - Protein Fibers

PLEASE CHECK ON ANY BOX OF THE SYMPTOM FOUND AS GIVEN BELOW;

Alpaca Fiber
TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

O Rility Poor color yield " Dull shades I Inadequate fastness Reduced stren

Figure 4.32Typi cal symptoms i mages

f

or

s-Blbstrate

‘Protein Dyeing Expert System - Symptom Selection

Dyeing Expert System - Protein Fibers

PLEASE CHECK ON ANY BOX OF THE SYMPTOM FOUND AS GIVEN BELOW;

[~ Unlevelness g [ Dull shades

Alpaca Yarn
TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

I” Inadequate fastness

I Yellowing

Figure 433Typi cal symptom i mages

f

or

sBbhstrate
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| Protein Dyeing Expert System - Symptom Selection

Dyeing Expert System - Protein Fibers

PLEASE CHECK ON ANY BOX OF THE SYMPTOM FOUND AS GIVEN BELOW;

[l Reproduci‘bility

" Inadequate fastness [~ Specks, stains, spots [ Ending and tailing

I Streaks

[ Unlevelness

I Poor color yield

I~ Reduced strenh " Creasing

pe marks | Pilling, stiffness

I” Yellowing

Alpaca Fabric
TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

I Dull shades

I” Local damage

Figure4.34Typi cal symptom i magadscof drorsmuHRT.snt rDeetxep ei

| Protein Dyeing Expert System - Symptom Selection

Dyeing Expert System - Protein Fibers

PLEASE CHECK ON ANY BOX OF THE SYMPTOM FOUND AS GIVEN BELOW;

" Reproducibility " Unlevelness I” Streaks

™ Poor color yield

I Inadequate fastness [ Specks, stains, spots [ Reduced

I” Pilling, stiffiness

I Shrinkage I~ Yellowing

Alpaca Garment
TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

" Dull shades

tength ™ Creasing ™ Local age

Figure 435Typi cal symptom i mages

f

or

subPIt rate
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4.6.2.7Diagnosis Function

The diagnosis is preceded in the following steps:

1. Select dyeing forms
2. Select dyeing machines
3. Pr ess f Ditendorstarstiee@iagnasis

An example of the dialogue box is shown in Figure 4B§ure 4.39. More details

pertaining to questions are given in Appendice261

Protein Dyeing Expert System - Diagnosis

Dyeing Expert System - Protein Fibers @

PLEASE SELECT THE APPROPRIATE DETAILS OF THE DYEING PROCESS;

1. Select Type of Fibers Form: 3. Suggested Cause(s):

Loose Stock

Top Dyeing .
Diagnose

2. Select Type of Dyeing Machine:

Beck .

Package ‘ Explain

™ See all possible causes

Cashmere Fiber m
TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

Figure4.36Di agnosi s interface for -HIFi berso s
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Protein Dyeing Expert System - Diagnosis

Dyeing Expert System - Protein Fibers @

PLEASE SELECT THE APPROPRIATE DETAILS OF THE DYEING PROCESS;

1. Select Type of Yarn Form:
Cheese

Cone

Hank

3. Suggested Cause(s):

Diagnose

2. Select Type of Dyeing Machine:
Hank
Package

‘ Explain
Spray

[ See all possible causes

Cashmere Yarn

TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

Figure437.Di agnosi s interface for-PiYarno subs

Protein Dyeing Expert System - Diagnosis

Dyeing Expert System - Protein Fibers

PLEASE SELECT THE APPROPRIATE DETAILS OF THE DYEING PROCESS;

1. Select Type of Fabric Form:
Knitted
Woven

3. Suggested Cause(s):

Diagnose
l Explain

2. Select Type of Dyeing Machine:

™ See all possible causes

Cashmere Fabric

TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

Figure4.38Di agnosi s interface for -RlFabrico su
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Protein Dyeing Expert System - Diagnosis

Dyeing Expert System - Protein Fibers @

PLEASE SELECT THE APPROPRIATE DETAILS OF THE DYEING PROCESS;

1. Select Type of Garment Form: 3. Suggested Cause(s):

Knitwear
l1agnose
2. Select Type of Dyeing Machine:
Paddle .
Rotary Drum Explain

I See all possible causes

Cashmere Garment
TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

Figure 4.39Di agnosi s interface for #fdRFar ment o s

4.6.2.8Explanation Function

The methody which an expert system reaches a conclusion may not be obvious to a
human user, therefore many expert systems include a method for explaining the reasoning
process that led to the final answer of the system. If the user wants to see how a specific
caue can result in the selected sympt om, t he
details. An example of the explanation function of the system is shown in Figure 4.40. Once
the user makes a response on the query, the system takes the informatius iafetence

engine drive the selection forward until the final solution is achieved.
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-
Protein Dyeing Expert System - Diagnosis

Dyeing Expert System - Protein Fibers @

PLEASE SELECT THE APPROPRIATE DETAILS OF THE DYEING PROCESS;

1. Select Type of Yarn Form: 3. Suggested Cause(s): |Sharp edges/sections
Direct contact of infrared heat and substrate

F_ EEEEEITEY
= i ok o s R i
2. Select Type of Dyeing Machine:

o ey

Boil silk in alkali will produce slow degradation and hydrolysis. The extent of
degradation depends on the pH of the solutions and is minimal between pH 4-8.

[~ See all possible causes

Silk Yarn
TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014 ‘m

Figure 4.40An example of the explanation function in Dexpetft.

4.6.2.9Running DexpertPT

The installation and execution procedure of Dexpartsystem is given in Appéix
27. Figure 4.41 shows an example of the sequence of windows for user selections of
symptoms and other parameters, in this case rules related to the process included the fiber
type: Silk, substrate form: Yarn, and Symptom: S2 General unlevelness. tiinaeeser
selects the Adiagnoseod option the system i ni

selections.
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Protem Dywesg Expen System - Duognons

Dyeing Expert System - Protein Fibers

PLEASE CLICK ON ANY ONE OF THE FIBER TYPE GIVEN BELOW;

HELP
" ACKNOWLEDGEMENTS

TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

PLEASE CLICK ON ANY ONE OF THE SUBSTRATE GIVEN BELOW;

5 LEAMAIMOHAIR

stk
TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLIN,

Dyeing Expert System - Protein Fibers

PLEASE SELECT THE APPROPRIATE DETAILS OF THE DYEING PROCESS;

Dyeing Expert System - Protein Fibers

FABRIC

UNIVERSITY USA 2014

L

PLEASE CHECK ON ANY BOX OF THE SYMPTOM FOUND AS GIVEN BELOW;

1. Select Type of Fabric Form: 3. Suggested Cause(s):
=
Diagnose
2. Select Type of Dyeing Mackine:
oeen Explain
s
%

[ See all possible causes

ik Fabric
TECS DEPARTMENT COLLEGE OF TEXTILES NORTH CAROLINA STATE UNIVERSITY USA 2014

Dyeing Expert Syst tein Fibers

Figure 4.41An example of how to run DexpelT system.
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CHAPTER 5 TESTING AND EVALUATION OF A DIAGNOSTIC EXPERT

SYSTEM FOR THE DYEING OF PROTEIN FIBERS

5.1 Testing of expert system for the dyeing of protein fibers

Once the development of the system is completed, the next step to test and evaluate
the performance of the system. This step involves verification, validation, and evalfatio
the system. An expert system is a computer program that includes a representation of the
experience, knowledge, and reasoning processes of (an) expert(s). Verification of an ES is
the task to determine that the system is built according to its gagiafis. Validation is the
process to determine that the system fulfils the purpose for which it was intended. Evaluation
reflects the acceptance of the system performance by the end users, which in this case are
dyeing experts in the fiel@380,381] To summarize, this important part of research is
designed,;
a) To show t he sy®Atverificatiors Abuilt righto
b) To show the #Ari ¢halidaBlopst emd was bui |t
c) To show the usefulness of thgstemA evaluation

The purpose of verification is to ensure that the intelligent system conforms to
specifications, and its knowledge base is consistent and complete within itself. It involves
checking completeness and consistency, as well as examenesckimical correctness of the
system[382,383] The verification process using various techniques is discussed later in this

chapter.
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The purpose of validation is to ensure tbetput of the intelligent system is
equivalent to those of human experts when given the same inputs. The system functionality is
validated by testing examples of cases and the results are compared against independently
computed results for the same examsplThe test set covers all the important cases which
contain enough examples to ensure that the results are all (884&85]

The final step is evaluation. This reflects the acaeqpd of the system by the end
users and the performance of the system in its application. Test case evaluation involves a
Turing-Testlike process through which the test case responses from the experts as well as
the system are evaluated by the same pafekxperts interrogated previously. The
methodology provides several formulae that can be used to identify the rule errors. The
formulae take into account a judgment of the competency of each expert based on his/her
responses. The final evaluation steptfos ES program included giving the system to dyeing
experts to use and solve dyeing problems in real situations. Although the system is known to
produce the correct result, it is possible to get unsatisfactory evaluation results from users
due to its curbersomeness to use, interactive Q & A feature, as well as other processes, etc.
[386,387]

To illustrate the difference between validation and verification, let us consider the
task of building a system to diagnose the reasons for the formation of dyeing faults in the
dyeing of protein textile materials. Dyeing faults or symptoms such as general unlevelness,
inadequate fastness, or local damage necessitate establishing the fazgab@nsoccurrence.

Faults may be caused by water quality or pretreatment and the operator may wish to
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investigate them in detail. However, generally a dyeing fault is not caused by one cause but
rather due to multiple possible causes originating feeneral sources. Therefore in order to
find a solution, it may be needed to collect, study and identify various possible causes
leading to the fault. The specifications of some of the underlying causes for inadequate
fastness may be obtained from textboakd peereviewed journals.

On the other hand the serviceability implies testing the system by users to assess
whether it can compute the correct response(s). Even if a system produces the correct result,
it could fail the evaluation ifitistoocompéict ed t o use; does not sav
or solves problems that are rarely needed in praf3&® 389] More details for each step in

relation to the ES developed in this stade given in the following sections.

511 Veri fication approach (Building the syste

The construction of an ES requires many steps such as development of the knowledge
base, coding rules, etc. This task is not very different from the traditionalaseft
engineering approaches which are used to verify the working prof3@391] The
verification process is employed to identify anomalies in the system, and is accomplished
through the following tasks;

1 Revision and proofreading the knowledge base coded in the system;
1 Comparison of the system output with thewedge gathered from various sources in the
knowledge elicitation step to see whether the system gives correct output for the given

input or not;
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1 Check the system for anomalies, type of anomalies that are most commonly identified and
need to be corrected the system which include:
Redundancycodes that can be removed without affecting behavior of the system;
Conflict: a simple flow that can show this type of anomaly was placed in the IF
THEN f ormat f or a bpgthebgeifrpthennodger st andi ng of #Ai
Circularity:Inthe IkKTHEN f or mat, <cir cul ar pthegq,ifigs t he
thenpo
Deficiency: This anomaly is when the system has valid inputs, but no rules apply.
1 Check the system behavior in case of unexpected inputs from useaddncules to
respond to user when it cannot offer a diagnosis based on the given information.
Three criteria that should be utilized in the verification process of an ES are
confidence, criticality, and coesbility [392-394].
Confidence is the level of consistency, reliability, and dependability of decision
support as a result of utilizing the system. Within a-hdeed structure, confidence is often
best implementedybrequiring that the developer establish sets of rules of attributes and
conclusions from which rules can be constructed.
Criticality is the degree to which usage of the system is protected or shielded from
possible bugs and flaws within the actual syssgmh as redundancy, conflict, circularity,
and deficiency, etc.
Codeability deals with the level and ease of maintenance required for the system. It

is based entirely on the flexibility and capability of the knowledge representation used to
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build the knovledge base. As interactivity considers the ease of user interactioraluditle
measures the same for the underlying code base and program. The flexibility of the

knowl edge representation determines the syst

512 Val i dation approach (Building the Arighto

Faulty dyeing samples of protein textile materials were produced by Jim Thompson
Silk Company in Thailand, in order to validate the accuracy of the diagnoses by the ES and
compare ESO6s di agvaenoby ihisnantegpert83e@sESixtean Jaalty dyed
protein textile materials were exhibited to
what they consider as root causes of the symptoms and to vahdatedwledge within the
knowledge base of the developed ES. The samples were dyed using an exhaust dyeing
process with acid dyes at 95°C for 60 minutes in package, winch, or jigger dyeing machines.
Samples were ironed when necessary to eliminate crease lin

Seven experts, with a range of industrial and/or academic experience from 25 to 46
years, took part in this part of the experiment. Experts were asked to observe each faulty
dyed sample and suggest the most likely cause(s) for the formation of ttse Eaqerts
were also shown the categorized list of possible causes and all responses obtained in this
section were collected for further analysis.

Responses from three different types of knowledge in the diagnosis of one symptom,
namely shrinkage (S15) ershown in Table 5.1. Weighted average responses from five

industry experts who contributed to the deve
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the lefthand column, while knowledge from the literature is shown in the middle column and
responses fim seven individual experts that participated in the final validation interview are

given in the righthand column. Analysis of responses indicates that for the most part
responses from the experts were approximately consistent. The actual cause fonglas sa

was Afabric stretched too much on an open Wwj
selected by the participating experts, and also the most likely cause indicated by the expert
system database as well.

Another example is the responses relatiagses to the presence of specks, stains, or
spots (S8) as shown in Table 5.2. Cause 107
for this symptom by the participating experts. According to the literature and the expert
systemso6 kno wdresahage eof speeks, astains,toh gpots is attributed to several
causes. A total of 11 causes, with high and medium CFs, may be responsible for the
formation of this symptom. However, some of the prominent causes highlighted by the
expert syst eassd whlmaothelliterdigewere not predicted by the panel of
experts that participated in the validation process. The most prominent cause for this
symptom according to the ES i s nBGsegggstedkeci pit
leading causethat were consistent with some of the causes provided by the ES.

The relatively poorer performance of individual experts as compared to the expert
system is likely due to the fact that experts tend to consider or memorize only the more
common causesofdal t s t hat they encountered or exper

knowledge base is developed from the combined knowledge of multiple experts and also a
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wide range of published materials. Thus, it considers all possible causes of a symptom
whether thg are less or more common. Therefore, an expert system is less likely to miss

some causes of a given symptom(s). The effectiveness of the ES in determining the root
cause(s) of the symptom(s) is the key beneficial factor when comparing the system against
individual experts. The system is especially important when apparent contradictions in

human expert responses are observed.

Il n summary, expert judgments are often
accuracy and repeatability must be assessed in cmopdo his or her peers, to produce a
consistency score. The performance of the knowledge base of the developed ES was found to
be better than human experts in diagnosis of dyeing faults. In addition, it can be assumed that
this system is comprehensivadacontains useful information. A more detailed comparison

of diagnoses from the human experts and the ES is given in Appendidés 28
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Table 51Responses

from a

shrinkage (S15) on protein textile materials.

panel of

dyeing

experts,

megtpert

S15: Shrinkage
Expert System's Knowledge Base Literature Expert Panel Interviewed
Medium
Cause| Description Commonness Reported Causes | En | Es | Ec | Ep | Ee | EF | Ec
CF
Stretch
fabric too [3],[28],[33],[42],[46]
CO077 | much on 0.6 S4,S1012 ,[150],[154],[234 Vv V| V|V | V]|V
open widh 236]
machine
Too high
C002 0.6 S1,510,S16 | [3],[28],[33],[42],[46] \Y \Y,
temperature
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Table 5.1 (continued)

S15: Shrinkage
Expert System's Knowledge Base Literature Expert Panelnterviewed
Cause| Description | Medium CF Commonness Reported Causes Eg | Ec | Ep | Ee | Er | Ec
Too high S(1-
Co01 0.5 [3].[28],[33],[42],[46] \Y Vv
alkalinity 3,5,6,10,12,14,16
High
[3].[7],[32].[33].[185],[
C011 | mechanical 0.4 S1313 Vv \%
261]
stress
Too long
S(I [3].[71,[32],[33].[185],[
C009 | processing 0.4 V \%
3,10,12,14,16) 261]
time

Note:V = consistent diagnosis
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Table 52Responses from a panel of dyeing experts, expert sy

presence gxks, stains, or spots (S8) on protein textile materials.

S8: Presence of specks, stains, or spots

Expert System's Knowledge Base Literature Expert Panel Interviewed
High | Medium
Cause| Description Commonness Reported Causes En | Es |Ec |Ep | Ee| ErF | Ec
CF CF
Dye [3].[28],[33],[42],[46],[10
C046 1.0 S1-6,S9
precipitation 6],[147], [148] VIIVIVY

Presence of

CO005 | extra dirtor | 0.7 S15 [31,[28],[33],[42],[46]

YARARY,
VM.
Softener [3],[28],[33],[42],[46],[14

C107 0.6
spotting 91,[240], [250] VIV IV IV VY
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Table 5.2 (continued)

S8: Presence of specks, stains, or spots
Expert System's Knowledge Base Literature Expert Panel Interviewed
High | Medium
Cause Description Commonnesy Reported Causes| Ea | Es | Ec | Ep | Ee | Er | Ec
CF CF
CO007 | Soap residues 0.6 V|V |V
7,9,16) 5],[261]
S(-
Presence of iron [3],[28],[33].,[257].[
Co017 0.5 3,5,6,10,12,1 Vv Vv
salts 259],[261]
6)
Presence of metal; [3],[28],[33],[257].[
C021 0.5 S(1-4,6,16) Vv Vv
(iron, copper) 259],[261]
C008 | Incomplete 0.5 S(@-3,5,6,16)| [3].,[7].[32],[33], V|V |V
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Table 5.2 (continus

S8: Presence of specks, stains, or spots
Expert System's Knowledge Base Literature Expert Panel Interviewed
High | Medium
Cause| Description Commonnes; Reported Causes Ean|Es |Ec | Ep | Ee | EF | Ec
CF CF
[31.[71.[32].[33],
C008 | Incomplete 0.5 S(1-3,5,6,16) VI V|V
[185],[261]
Poor
[31,[28],[33],[42],[46],[106]
C047 | quality of 0.4 S(1-3,5,7,9)
[147], [148] VvV
auxiliary
Low
[31,[28],[33],[42],[46],[106]
C049 | solubility 0.4 S(1-3,5,7,9)
[147], [148] VvV
of auxiliary
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Table 5.2 (continus

S8: Presence of specks, stains, or spots

Expert System's Knowledge Base Literature Expert Panel Interviewed
High | Medium
Cause| Description Commonnes; Reported Causes | Ea | Eg | Ec | Ep | EE | EF | Ec
CF CF
Dye
[31,[28].[33],[42],[46],[1
C069 | sedimentati 0.4 S(1-3,5,9) V Vv
50],[154], [234236]
on
Dyebath
[31.[28],[33],[42],[46],[1
C035| (LR)too 0.4 S(1-4,9) Vv
06],[147], [148]
low
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5.2 Evaluation of dyeing expert system of protein fibers

Evaluation of arexpert system is a fundamental process of determining if a specific
system is appropriate for its original requirements, its objectives and also to assess if its
performance satisfies users. To evaluate an expert system, one should consider a global goal.
An expert system cannot be seen as an isolated object but as an integrated entity, that it is a
product used by people, in a specific context, to reach certain[§6&1409].

Pertinent issues in evaluation are:

1 Is the system user friendly and do the users accept the system?

1 Does the system give correct results and is the logic of the system correct?

1 Does the expert system offer an improvement over pifaetices it is intended to
supplement?

1 Is the system useful as a training tool?

According to the literature review, there are no universally accepted standards for the
evaluation of expert systems. However, there is a set of points that might be emhssler
essential in the evaluation of an information system inclu#ag];

1. Usability of measures in relation to the system characteristics and to the degree of user
satisfaction. The user friendliness of the systend acceptance of the system by the
users.

Easiness to learn

- Does the user understand the interface easily?
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- Is there a help menu to allow users to obtain instructions? (Instructions should be provided
as required and access to help must always be aeaiaitnout mandatory prior reading
of contents.)

Easiness to use

- Does the user know what to do and how to navigate with ease?

User satisfaction

- What is the reaction to interface, to the contents, to the document structure, to the
interaction and navigatigorocess and to available help?

2. Impact of the system in the decisions of the user

- Does the system increase the usersd confi de

- Does the system enable users to take decisions, establish compromises and provide
appropriate guidance?

- Does the system enabteprovements to decisiema k er s 6 per f or mance?

- Does the system change the nature of user s
continued use of the expert systems?

3. Impact of the quality of the information provided to the user

- The system provides adesfe explanations? (how and why the decision was taken)

- Correctness of the logic of the system (correctness, consistency and completeness of the
inference rules)

- Are the decisions made by the system correct compared to what the experts consider to be

right?
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- Is the system adequate to replace, if necessary, the intelligence of the human expert?

- Is the level of knowledge sufficiently high?

- Can the system be used as a training tool to transfer the knowledge of the expert to middle
and top management and thogrove the performance of new employeld®]

- Is the representation of knowledge suitaljter?1]

5.2.1 System evaluation

Evaluations by users help to determine the utilityhef system, whether it produces
useful results, its ease of interaction, its efficiency and speed, and its values. For the
diagnostic expert system for the dyeing of protein fibers, five evaluation criteria have been
selected to evaluate the performantehe system which are; usefulness, tfsiendliness,
response time, education/training value, and overall performance.

Various studies show several reasons which may prompt users to not use an ES. These
include distrust in results produced, even if thsults are correct. Users may even reject an

ES for reasons that have little to do with its expertise; for example because it takes too long

to respond, too complicated t[4l2423 .€Therefore, i s 0L
five evaluation criteria have been selected to evaluate the system, which are:

1 Usefulness

1 Userfriendliness

1 Response time

91 Education/training value, and
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1 Overall performance

5.2.1.1Initial system evaluation results

The initial evaluation of the system developed in the present study was performed with three
potential users who had a wide range of experience in the dyeing of protein fibers. These
experts also participated in the development of the ES knowledge base. Each user was

presented with an evaluation copy of the system and was asked to rate the system based on

five evaluation criteria mentioned earlier on a 1 to 5 rating scale. Jgw@nb scale also

forces a sharper focus than is possible with the 1 to 10 g2et30] . According b this

method the user can evaluate the performance of the system as very poor, poor, fair, good, or

very good. The results of evaluation are shown in Table 5.3.

Table 5.3 Initial user evaluation of the expert system developed expressed in percentage of

total response.

Evaluation criteria

Very poor

Poor

Fair

Good

Very good

Usefulness

100% (3/3)

Userfriendliness

67% (2/3)

33% (1/3)

Responsdime

33% (1/3)

33% (1/3)

33% (1/3)

Education/training valug

33% (1/3)

67% (2/3)

Overall performance

67% (2/3)

33% (1/3)
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Several comments by the three potential users at the initial evaluation stage were;
1 The developed system is a very useful training tool for any new employee(s) who have to
deal with dyeing processes directly in the dye housesatshy when they have to learn
how to fix the problems quickly and/or no senior workers are available to assist them at
the time.
TOne user asked if the font size used on t he

In the initial evaluation, the system reasivpositive feedbacks from evaluators. They

appreciated the overall objective of the sy
industry. Two usferisenav alneastsedd off ustenre syst en
evaluated it as very good. Due to¢ si mpl i city of the systembd

graphic view window, and a single/multiple module, response time is considered to be quick.
Evaluators found it easy to use the system without having to read further instructions. The
AEducani og/ tvmdiuedo of the system was al so fo
likely due to the fact that the system has a combined knowledge from many sources related to

the dyeing of protein fibers and provides a glossary of symptoms, processes, mattines,

for users. The system was evaluated to have
involved in the dyeing industry since the system provides a comprehensive list of possible
causes to various symptoms which can assist the dyer to detehaineot cause(s) of the
symptom(s). The system is also considered to be a training tool for inexperienced dyers to
enable them to learn quickly. As expertise is developed through years of education, training,

and experiences, the expert system helps retilmes money, and resources to transfer such
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knowledge to novice dyers very quickly.

5.2.1.2Final system evaluation results

The final evaluation of the system was performed with five new potential users who

had a wide range of experience in the dyeing of pidtbers. Each user was presented with

an evaluation copy of the system and was asked to rate the system based on five evaluation

criteria on a 1 to 5 rating scale. The user was able to evaluate the performance of the system

as very poor, poor, fair, goodr very good. The results of the evaluation are shown in Table

5.4.

Table 5.4 Results of the evaluation of the system expressed in percentage of total.

Evaluation criteria

Very poor

Poor

Fair

Good

Very good

Usefulness

20% (1/5)

80% (4/5)

Usekfriendliness

20% (1/5)

60% (3/5)

20% (1/5)

Responsdime

60% (3/5)

40% (2/5)

Education/training valug

20% (1/5)

20% (1/5)

60% (3/5)

Overall performance

40% (2/5)

60% (3/5)

Some of the final comments by the five potential users, at the finklad\m stage,

are as follows;
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1 It would be excellent if in future, the system could become commercially available in
other languages besides English.

1 Users were interested in the approximate cost of the system to determine the possibility
of purchasing @aopy.

1 Will the system be commercially available for one specific fiber, or a comprehensive
system which can diagnose the problems for various fiber types?

1 What is the cost of the comprehensive system compared to the system for only one
specific fiber tyg? Some users think it would be better to develop modular systems for
different fiber types and make each module separately available since industrial
applications may be confined to a specific fiber type.

1 One user asked if the system could become simailarwebbased system, or even an app
that can be easily accessed with mobile devices in the future.

The final results indicate that the system was evaluated positively for its
AUseful nesstoi, maiResprmmdcdhsBOverall per f adhremanceo
system as usdriendly. One user, who commented the system should be available in other
| anguages as well, chose fair for this criteée
case language seems to have been a barrier for the user. Adgitbss was outside the
scope of the present research and development of the system in other languages would
necessitate demand from the market after potential commercialization of the product. All
evaluators considered t hetisoyns/ttermaitno nlga weal a

involved in the dyeing industry. In conclusion, evaluators expressed interest in the system
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and appreciated the value and performance of the system. They evaluated the system
positively, and requested a copy of the systenintooduction to their companies, as soon as

the system is available.

5.2.2 Evaluation of Diagnosis

The purpose of this step was to compare the diagnosis obtained from individual
human experts and the expert system developed for protein fibers. Sixteen femutty d
samples representing all sixteen symptoms were obtained, with exact causes of each of the
faults known in advance, to assist in the determination of the accuracy of diagnosis obtained
from the system as well as human experts. Each sample was dhdpyoseven different
human experts. The expert system was run by a potential user who was not aware of the
exact nature of the issues so that the system was not biased in the evaluation process. A
summary of the results of the diagnosis of faulty sampjeluman experts and the expert
system is given in Table 5.5. The experts identified the underlying causes with a 58%
average diagnosis success rate, and 75% was the best success rate of human experts. Experts
Ee-Ec who were directly involved in the dyeinmgocess exhibited better performance than
Experts &-Ep. The accuracy of the expert system was found to be 100% and much better
than individual experts. The main reason for the relatively poorer performance of the human
experts as compared to the expersteyn was that human experts tend to consider or
memorize only the more common causes of faults they experienced. While the expert system,

which has its knowledge base developed from a combined knowledge of multiple experts and
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also a wide range of publisthenaterials, considers all possible causes of a symptom, whether
they are less or more common. Therefore, the expert system is less likely to miss causes of a
given symptom(s).

A detailed description of the samples presented to human experts, outlinfagltbe
and the expertsod6 responses, i's shown in Tab
(100% by all seven experts and Dexget) was S8: Reduced mechanical strength, with the
correct diagnosis of 100% as well. The faults that were recogrtieelédst, at 38% correct
diagnosis, included; S3: Different shades, S4: Presence of streaks, S5: Poor color yield, and

S9: Presence of ending or tailing.

Table 5.5 Comparison of diagnosis of faulty dyeing samples by human experts and the

expert system

Details Ea Es Ec Ep Ee Er Ec ES

Years of
30 39 46 40 37 25 33 -
experiences

Location USA | India | USA | UK | Thailand| Thailand| Thailand -

No. of correct

diagnoses

Approximate
50% | 56% | 50% | 44% | 75% 63% 69% | 100%
accuracy
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In the matter of yearof experience, the results among seven experts are compared in
Figures 5.1. It may be expected to note a linear relationship between experts experience and
diagnosis accuracy. However, results do not indicate a direct relationship. For example
E x p e rreaspoRséssndicate 63% accuracy, while relatively, they have the lowest number of
years of experience among the experts at 25 years. On the other hand, Expert C with 46 years
of experience shows a diagnosis accuracy of 50%, and Expert E who has th& highes

accuracy at 75% among experts, has 37 years of experiences.

307 mm Years of experiences - 100%
457 —— Approximate accuracy | 20%
- 80%
- 70%

- 60%
- 50%
- 40%
- 30%
- 20%
- 10%
0 - . . - 0%

Expert A Expert B Expert C Expert D Expert E ExpertF Expert G

Figure 5.1 Comparison of diagnosis accuracy and years of experiences among.experts

This could be due to a number of reasons, including reluctance by some experts to

indicate the exact cae of a symptom with a degree of certainty. In addition, career paths

386



and the type of expertise may also play an important role. For instance, the top three experts
(EE, EF, EG) with the highest diagnosis accuracy of 75%, 63%, and 69% respectively, are
directly involved in the dyeing industry on a daily basis. Therefore, they are probably aware

of various symptoms and solutions whereas other experts may have longer experiences in the
field, but may have different industrial positions that are not curreatifed to the actual

dyeing process. These individuals may have less exposure to dyeing problems and while they
have the expertise, their knowledge may not
backgrounds and industrial experiences likely Itesn differences of opinion and diagnosis

of faults.

Results also show that the performance of the expert system is significantly better
than that of human experts. The expert system is comprised of rules and not only can
diagnose causes, but also it gaovide explanations for the diagnoses and suggestions to
address the dyeing faults. Therefore the system is considered to be more informative and

useful.
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Table 5.6 Detailed diagnoses by human experts-Hzg) and the expert system (ES)

%
Symptom Actual cause En |Es | Ec |Ep | Ee | EF | Ec | ES
diagnosis
S1: Reproducibility C028 Too low temperature V|V |V V 50%
S2: General C035 Dyebath liquor to good ratio
Vv V|V |V Vv 63%

unlevelness too low
S3: Different shade C100 Too low flow rate Vv \% V 38%
S4:Presence of steaks| C074 Rapid exhaustion rates V \% V 38%

C008 Incomplete removal of
S5: Poor color yield Vv \% Vv 38%

impurities
S6: Dull shades C084 Too high turbidity V|V |V \% V 63%
S7: Inadequate fastneg C095 Too low washing temperatu V|V |V \% 50%
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Table 5.6(continued)

%

Symptom Actual cause Es |Ec|Ep | Ee | Er | Ec | ES
diagnosis

S8: Presence of specks, staing C107 Softener spotting ViV V|V |V |V |V 88%
or spots
S9: Presence of ending and

C062 Substantivity too high V|V \% 38%
tailing
S10: Reduced mechanical

C010 Too high alkalinity VI IV|V | V|V IV |V 100%
strength
S11: Adverse changes in

C011 High mechanical stress V|V V|V 63%
appearance
S12: Local damage C103 Sharp edges/sections V |V V| V|V |V 88%
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Table 5.6(continued)

Symptom Actual cause En | EB | Ec | Eb | Ee | EF | Ec | ES | % diagnosis

S13: Presence of

stop/rope/pressureg C101 Overload in machine V |V \% Vv 50%
mark
S14: Comfort C085 Presence of

\ V| V|V |V |V 75%
properties silicate deposits

CO077 Stretched falwitoo
S15: Shrinkage V VI V|V | V|V ]|V 88%
much on open width maching

C109 Too high drying
S16: Yellowing V|V |V |V |V V |V 88%
temperature
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CHAPTER 6 CONCLUSIONS

6.1 Research summary

The aim of the present reseamhsto develop a knowledgeased expert system in
the domairof troubleshooting problems in the dyeing of protein fibers. The emphasis of the
researclwas to provide a detailed view of troubleshooting by using the knowledge of human
experts as well as the knowledge from published literature. This research was|mstwzmp
in the following two main phases; Phase |: Knowledge Acquisition and Coding, and Phase II:
Testing and Evaluation. The main key findings of the work are summarized as described

below.

Phase I: Knowledge Acquisition and Coding

A sound knowledge baseelated to dyeing problems of protein textile materials, was
built using information obtained from hundreds of various sources, including textbooks,
peerreviewed journals, manuals, textile magazines, theses, dissertations, reports, reputable
websites, @ Furthermore, a number of dyeing experts from USA and other countries
participated in the development of the system, whose responses to an electronic survey were
used as an additional source of knowledge.

Sixteen most common dyeing faults in the dyewfigorotein fibers were identified.

The selection of symptoms (faults) was based on interviewing experts, production crew, and

through examination of available sources. A large list of potential causes, based on
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information obtained from experts as wellpeerreviewed sources, was created. The list of
causes and symptomsawreviewed for relevance and accuracy by a selected panel of
experts. A series of questionnaires was created and reviewed for suitability by experts to
determine an interrelation amon@ host common dyeing faults and a range of 110 possible
causes. Five dyeing experts from USA, UK, and Thailand, covering several sectors of the
industry including dye manufacturing, academia, as well as practical dyers with a range of
industrial and/or acemic experience from 250 years, responded to the survey. Experts
included a manufacturing director, an associate director (dyeing researd@jng and
finishing managera yarn dyeing manager, arahemeritus professor/chief scientific officer.
Expets were asked to rank the interrelation for each of the 16 symptoms and the 110 causes
by using certainty factors ranging from zero to ten. Experts were provided with the option to
respond to queries either on the wWiased survey on SurveyMonR¥ywebsite or on the

Excel file format upon their preference. They were instructed to select a certainty factor of O
to indicate no correlation between cause and symptom, and 10 to indicate cause had an
excellent correlation with the symptom. Experts were alsoigeovwith the option to select
asterisk (*) if they preferred to not respond to questions or felt unsure of the correct relation
between cause and symptom. Responses were collected, analyzed, and incorporated with the
information from literature sources. Aatabase of responses was thus generated and
classified into three broad categories, most likely (high CF), likely (medium CF), and less

likely (low CF) for each symptom based on weighted average ranking method. This
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knowledge was transferred into an e®p system programming environment, where
cause/symptom rules were established, and a simpldfiesetly interface was designed

using wxCLIPS: ver. 1.64his phase of the research took the period of two years.

Phase |l: Testing and Evaluation

After knowvledge acquisition and coding, the expert system was assessed through a
verification and validation process. In the verification process, the knowledge base of the
system was checked for anomalies. This testing stage involved debugging, testing and
evaluaion of the modules. In the validation process, the system was tested against
hypothetical test cases, validation using case studies, and validation based on human experts
through industrial test cases. Finally, the system was evaluated by a select Expelrtst
They were asked to rate the developed expert system based on five evaluation criteria:
usefulness, usdriendliness, respongeme, education/training value, and overall
performance. This stage also involved a comparison of responses betweasndxperts and
the expert system.

The performance of the Dyeing Expert System for Protein Fibers (DaxXpegrfin
diagnosing faults was compared against the performance of individual human experts.
Sixteen faulty dyeing samples were obtained, with exacesaof each of the faults known,
to assist in the determination of the diagnosis accuracy of the system as well as human
experts. Each sample was diagnosed by seven human experts. The ES performed with 100%

accuracy in the diagnosis of faults, while i ttase of human experts, the highest accuracy
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faults was 75%, and the lowest was 44%, with the average accuracy of all seven experts at
58%. The expert system thus outperformed all participating experts on an individual basis.

DexpertPT contains a numbeof improvements compared to the previously
developed systems. It grasps important features from the prior art, and the development
process incorporates knowledge learned from their development. Specific points with
improved performance include diagnosispding, and useff r i end|l i ness. The
knowledge base contains 12 commercially important protein fibers, which is a rich database
for potential users. It provides a udaendly interface which is easy to understand. In
addition, the user query megegsh o x contains yes, no and a dc.
user to stop answering questions, if they so wish. Furthermore, the system has dynamic rules,
as discussed in Chapter 4, which enables the system to calculate new salience values, and
provide adice in relation to the causes of the symptom. There is no limitation on the number
of symptoms that can be selected by users. The list of causes differs based on keratin and
secreted fiber types, and an explanation for each cause based on fiber tygzeprisvaded.

The development of an expert system for protein fibers is relevant and important
since while the quantity of protein fibers produced each year may not be large compared to
the worl dodés tot al textil e f i beerial gccupydan ct i on
important sector of the market. Their fineness and softness have secured a firm place in the
niche market of luxury apparel and furnishing fabrics. Protein fibers are a globally traded
commodity and the market diversity is vast and expandApplications include sections

such as fashion, active wear, flooring and interiors, aviation, architecture, manufacturing,
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medical use, and protective apparel, etc. Even though in terms of production volume animal
fibers are insignificant, nevertheled®y are highly sought after and play a significant role in

the luxury, high valuedded end of the market. Protein fibers are produced on several
million small holdings and commercial farms worldwide. Retail sales of wool products from
sheep only, amourib $80 billion annually. In the European Union (EU) alone, the industry

is made up of thousands of industrial manufacturing companies. In terms of demand, protein
fiber production was boosted by 1.7% in 2011 due to an increasing interest from the U.S.
army which employs domestic wool in uniforms and equipment.

In conclusion, a knowledgeased expert system has been developed to troubleshoot
the dyeing of protein fibers. The system is expected to be very useful, especially in countries
where expertise mayebscarce, especially since the number of dyeing experts is very small
compared to the size of the textile industry worldwide. This system can be employed in the
dyeing industry to help create consistent and repeatable production runs. It can be used as a
comprehensive and supplemental knowledge source for all users including seasoned experts.
It is considered to be an invaluable training tool for novice dyers with no time, location or
resource constraints. It can also be used as an educational tool ® thvedgap between
experts and novice dyers, and to support the decision making of expert dyers. Correct
diagnosis of the root causes of a given fault can also help facilitate the communication of
color issues across the supply chain. This expert systerspesd up the introduction of
products to market by improving awareness of causes associated with symptoms, and

minimizing the future occurrence of faults. It can also reduce production and delivery lead
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times, thus saving on costs and resources.

6.2 Major contributions

Major contributions of this research are;

1. A comprehensiveeview and analysi®f problems and potential causes in the dyeing of
protein fibers using over 400 references and interviewing 17 industrial and/or academic
dyeing expertshas been g@nerated. An overview of various operations involved in the
preparation, dyeing, and finishing of protein fibers is given.

2. ldentification of sxteen most common dyeing faults with 110 potential cabsssd on
dialogue with expertswhich can be used to @emine dyeing variables, as well as the
interrelation among these factors.

3. Development of dishbone diagram to indicate the intedationship among all variables
influencing the coloration process. Dyeing faults were attributed to a range of causes
which included human error, materials, methods, machines, measurements, and
environment.

4. Development of cause and effect survey in OnlineStaveyMonkey™ website and an
Excel formats,and distributed to expereross the globdxpertise from human experts
was used to help derive specific causes affecting dyeing faults in the dyeing of protein
fibers. Experts from several countries, and covering several sectors of the industry
including; dye manufacturing, academia, as well as practical dyers with a rénge o

industrial and/or academic experience from505 years, responded to the survey.
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Responses were collected and analyzed and incorporated with the literature sources using
a weighted average ranking method.

. Development of a new expert system shellfious stages in the development of a
diagnostic expert system for the dyeing of protein fibers have been described. The
methodology used to construct and code the knowledge of the expert system can be
useful to other knowledge engineers in building expgstems for other domain¥he

system has been designed to assist dyeing trainees, supervisors, managers as well as the
top management in isolating possible causes of coloration problems, to resolve issues,
and avoid potential sources of error in futurplagations.

. The Dyeing Expert System for Protein Fibers (Dexpdr} provides an accurate
diagnosis of selected symptoms based on the actual causes of the dyeing faults using only
the reasoning process. Images of symptoms were incorporated into theseypsrt e ms 0
interface to aid users in their identification and classification of dyeing symptoms. The
users are also prompted to select the type of dyeing machines used before diagnosis. This
approach provides an efficient identification of root causes ofvangfault(s). An
explanation function is also incorporated to provide the user with simple reasoning
behind each response.

. Faulty dyed samples have been produced and used in the validation process of the
system. Participating experts were asked to deterithie likely cause(s) of the symptoms

for each sample. Responses obtained from the participating experts were collected and

compared against the expert system as well as the actual causes of the symptoms to test
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the diagnosis accuracy of the system.

8. The evaluation process for the knowledge base of the system was completed. Potential
users of the system were asked to evaluate the system based on selected evaluation
criteria. The developed expert system was rated positively by the potential users. They
appeciated the value of the combined knowledge from many sources related to the
dyeing of protein fibers, and considered the system to have an excellent
AEducation/training valueo to everyone i
provides a compreheng\ist of possible causes to various symptoms which can assist

the dyers to determine the root cause of the symptom(s).

6.3 Future work

The following suggestions are recommended as additional fields of research in future:

1 Expert systems have many advantage=s genventional process which include provision

of consistent responses for repetitive decisions, maintaining significant levels of

information, and clarification of the logic employed in decisimaking processes which

are available to users all the timetc. These systems have certain shortcomings,

however, which for static systems include the inability to learn from mistakes unless

users provide feedback to the knowledge engineer, and the knowledge is updated.

Systems often have no flexibility to addptchanging environments, they cannot provide

solutions for symptoms that are not available in the database. This point may be

improved by implementing an artificial neural network, which is capable of learning as
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well as pattern recognition in the systddawever, this necessitates a sufficient amount

of data to train the system and eventually generate appropriate solutions based on
examples. Clearly, the knowledge engineer would also need to have expertise in both
coloration, and computer science involyimachine learning and pattern recognition
domains.

Evaluations by humans, unlike those obtained from expert systems, are not always based
on a |l ogical set of rul es. Il n many domai
perceptual and conceptual understany of the issue and previous educational
background and work experiences. Experts possess valuable knowledge; however, they
may require training to convey this knowl
met hodo, t hr ough ¢ o mpettien of feedbaak fromieach expevt,i e ws
can improve the accuracy of responses. The knowledge engineer may compile a summary

of responses from all participating experts, if time and resources are available, to indicate
areas of agreement and disagreemente Tiformation thus obtained may be
anonymously disclosed to participants to obtain additional feedback. This approach can
result in a deeper understanding of the symptoms, the reasoning behind a given cause(s)
for the symptom(s), and may also result incl@ag the consensus among experts.
However, the potential drawbacks of this process are; 1) it may create bias in final
responses, as some expertsd responses wit
these o6unli kel yd r es pocasessfthmsyogptams in differerne s e n't

locations. 2) it would be best if the experts can discuss and finalize the knowledge base
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together with the knowledge engineer, however, it is not easy to achieve consensus
among experts due to differing opinions, @)ddue to time, resource and geographical
constraints it would be difficult to schedule a group interview for experts to gather such
information. Therefore, this approach may only be suitable in certain domains since no
concrete approach that can be agplie all domains exists. Nonetheless, using a larger
number of experts for the analysis of responses would be more appropriate to create
reliable responses, especially if the weighted average method is employed.

DexpertPT is a dynamic system which workased on facts and rules. If a fact matches

the antecedent pattern of a rule, then a rule is activated and fired with a default salience
value. If the salience values are equal, the rules are fired according to their activation
order. However, if the saliee values of the rules are different, then the firing sequence

is reordered according to the salience values. The dynamic salience approach applied in
this system is based on summation of the values obtained from the survey. A threshold
salience value idefined at the beginning of each rule. However, since the salience values
are dynamic, the threshold values are also required to be dynamic. Otherwise, in the case
of a constant value, it is possible to disable the rules that require to be fired. Taselect
appropriate threshold salience value, a different approach is adopted, no matter how
many symptoms are selected, the system checks the maximum value of the salience
according to the selection, and divides this value by 2. The system takes this value as
threshold and compares the actual salience value of the rule. If the actual salience of the

rule is higher than threshold, the rule is fired. This is applied if the user desires to solve
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the problem quickly with the most likely causes. Also, when tleg seslects only one
symptom the threshold value allows the most likely rules to be fired. The system rules are
also combined with the type of protein fibers. There are two salience rules for each
symptom, based on two modules; keratin, and secreted fibach fiber would have
different explanation message storedsrown module in the knowledge base.

1 The development of expert system as sabed software that can be accessed online, or
an application that can be used on any electronic mobile deviogptove convenience
of use, such as tablets and smart phones.

1 Creation of a comprehensive expert system to troubleshoot the dyeing faults of other
fiber types, by combining the knowledge base from the previously developed systems
such as cotton, polyestamd inkjet printing into one software package.

1 Development of the system in other languages, such as Chinese, French, etc., to expand

the market for this system to other regions of the world.

6.4 Final remarks

Coloration of protein fibers is characterizedhgny variables, each with a different
effect on the final product. Indeed it is quite complicated to get the right color in the first
dyeing attempt. Determining the root causes of a given problem is even more challenging.
While quality requirements becomecreasingly rigorous in the textile industry, human
expertise in the specialized area of coloration is becoming more and more limited. Therefore,

there is an increasing level of interest in the development and application of expert systems
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to fulfill the need for specialized expertise in the industry. The benefits of coriaged
diagnostic systems have become evident in the last few decades and the field remains an
active area of research.

The developed diagnostic expert system for the dyeing of prditeers has been
designed to assist dyeing trainees, supervisors, managers as well as the top management
personnel, to isolate possible causes of coloration problems, to resolve issues, and avoid
potential sources of error in future applications. Theesysallows users to conveniently
interrogate a computer program as if it were a human expert. It is also a great help to novice
dyers to provide them with supplemental experience in dyeing and should facilitate a better
understanding of the causes of thelpems, and when making decisions for necessary
actions. The knowledge base of this expert system is based on information obtained from
field experts as well as secondary sources such as books, journals and conference papers, as
well as theses written byavious researchers around the world. Human experts were utilized
to obtain opinions and advices on resolution of common dyeing faults in industry, and
determine certainty factors for all variables that may cause problems. Results of testing the
system shovgood performance when compared to human experts, potential value, and utility
of the system in the dyeing of protein fibers. It is hoped that this work will stimulate the
investigation into similar programmirgased projects, to develop additional diagieos
expert systems in the coloration of textiles, and ultimately produce a comprehensive

diagnostic system to cover all common dijeer combinations.

402



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

REFERENCES

Mussig J. Industrial application of natural fibres: structure, properties and technical

applications. Chichester, West Sussex, U.K.; Hoboken, N.J.: Wiley; 2010.

Structure of silk yarn. Enfield, NH: Science Publishers; 2000.

Choudhury A.K.R. Textile preparation and dyeing. Enfield, NH: Science Publishers;

2006.

Hearle J. Proteinfiers: structural mechanics and future opportunities. Journal of

Materials Science 2007; 42(19):808019.

International Year of Natural Fibres 2009. Available at:

http://www.naturalfibres2009.org/en/fibres/index.html.

Laumann M.M. The secret of esitence in ancient Chinese silks: factors contributing
to the extraordinary development of textile design and technology achieved in ancient

China. Taipei, Republic of China: Southern Materials Center; 1984.

Sharples J. Thai silk. Bangkok, ThailandsPBooks, 1994; 1993.

Manchester H.H. The story of silk & Cheney silks: South Manchester, Conn., New

York, Cheney Brothers, Silk Manufacturers [c1916]; 1916.

403



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Spink & Son. Threads of imagination: Central Asian and Chinese silks from the 12th

to the19th century. London: Spink; 1999.

Burns E.J. Sea of silk: textile geography of women's work in medieval French

literature. Philadelphia: University of Pennsylvania Press; 2009.

Thompson J. Silk, carpets and the Silk Road. Tokyo, Japan: NHKr€@enter;

1988.

Schoeser M. Silk. New Haven, Conn.; London: Yale University Press; 2007.

HesseHonegger C. Art on silk. Zurich: Scheidegger & Spiess; 2008.

Silk and RU. The silk book. : London, 1951; 1951.

Vainker S.J. Chinese silk:aultural history. England; New Brunswick, N.J.: British

Museum Press; In Association with Rutgers University Press; 2004.

Franck R.R. Silk, Mohair, Cashmere and other Luxury Fibres. 2001.

Xiang W, Cai Z. Dye behavior of cationically treated sillldpplied Polymer Science

2008; 108(2): 1008.012.

Dang N.Y., Ma W., Zhang S.F., Tang B.T., Yang J.Z. Studies onvmtkle
Properties of Silk Fabrics Dyed with Reactive and Crosslinking Dyes. Textile

Research Journal 2010 March 01; 80(4):-382.

404



[19] Prusty AK., Das T., Nayak A., Das N.B. Colourimetric analysis and antimicrobial

study of natural dyes and dyed silk. J Clean Prod 2010 11;-18(167501756.

[20] Chairat M., Rattanaphani S., Bremner J.B., Rattanaphani V. An adsorption and

kinetic study of lac dyeing on silk. Dyes and Pigments 2005 3; 64(3)2231

[21] Xie K., Liu Y., Li X. Synthesis and properties of the novel sufactve dyes
containing fluorocarbon groups: Part 1. Synthesis and surface properties of the novel
surfaceactive dyes on silk fabric. Materials Chemistry and Physics 2007; 13)5(2

199-203.

[22] Youssef Y.A., Mousa A.A., Farouk R. High Performance Reactive Disperse Dye

Fixation on Silk Fabric. AATCC Rev 2009 DEC; 9(12)-33.

[23] Qin C., Chen D., Tang R., Huaivg, Wang X., Chen G. Studies on silk fabric dyed

with a hemicyanine dye. Coloration Technology 2010; 126(5):3103

[24] Burkinshaw S.M., Paraskevas M. The dyeing of silk: Part 4 heterobifunctional dyes.

Dyes and Pigments 2011 3; 88(3): 38&.

[25] Altman G.H., Diaz F., Jakuba C., Calabro T., Horan R.L., Chen Jb&skd

biomaterials. Biomaterials 2003 2; 24(3): 44016.

[26] Ehrenberg R. Silk. Science News 2008 11/22; 174(11): 24.

405



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Gulrajani M.L., Brahma K.P., Kumar P.S., Purwar R. Applicatibsil& sericin to

polyester fabric. Journal of Applied Polymer Science 2008; 109(1)3314

Broadbent A.D. Basic principles of textile coloration. Bradford, England: Society of

Dyers and Colourists; 2001.

Giarratano J.C. Expert systems: prinegand programming. 2005.

Hussain T., Wardman R.H., Shamey R. knowledgsed expert system for dyeing of

cotton. Part 1: Design and development. Coloration Technology 2005; 12189: 53

Hussain T., Wardman R.H., Shamey R. A knowleldgsed epert system for dyeing

of cotton. Part 2: Testing and evaluation. Coloration Technology 2005; 121{@3. 59

Panda H. The complete book on textile processing and silk reeling technology. Delhi;

Asia Pacific Business Press; 2010.

Clark M. ed. Handook of textile and industrial dyeing. Volume 1, Principles,
processes and types of dyes. Cambridge, UK; Philadelphia, PA: Woodhead

Publishing; 2011.

Clark M. ed. Handbook of textile and industrial dyeing. Volume 2, Applications of

dyes. Cambridge, UKPhiladelphia, PA: Woodhead Publishing; 2011.

Mather R.R. Chemistry of textile fibres. Cambridge: Royal Society of Chemistry;

2011.

406



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Petrie O.J. Harvesting of textile animal fibres. Rome: Food and Agriculture

Organization of the United Nations995.

Kozlowski M.R. Handbook of natural fibres. Oxford; Philadelphia, Pa.: Woodhead

Publishing; 2012.

Fiber Organon. Available at: http://www.fibersource.com/feb/feb3c.htm, 2012.

Watkins P. Luxury fibres: rare materials for higher addedevdlondon; New York,,

USA: Economist Intelligence Unit; 1992.

Jindal A. Textile raw materials. Chandigarh, India: Abhishek Publications; 2008.

Available at:http://www.ext.colostate.edu/pubs/livestk/01401,[2ff14.

Karmakar S.R. Chemical €enology in the Pr@reatment Processes of Textiles; San

Diego: Elsevier Science & Technology Books; 1999.

Morton W.E. and Hearle J.W.S. Physical properties of textile fibres. Cambridge,
England; Boca Raton, FL: Woodhead Publishing in associatiorthgtfiextile

Institute; CRC Press; 2008.

Tomar R.S. Handbook of worsted wool and blended suiting process. New Delhi,
India; Great Abington, Cambridge, UK: Woodhead Publishing. India; Woodhead

Publishing; 2010.

407



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Popescu C. and Hocker H. Halire mest sophisticated biological composite material.

Chemical Society Reviews 2007; 36(8):128291.

Pethrick R.A. Polymer structure characterization: from nano to macro organization.

Cambridge: RSC Publishing; 2007.

The colouration of wool and othkeratin fibres (2013). In Lewis D. M., Rippon J. A.

(Eds.), Hoboken, NJ: John Wiley & Sons Inc.

Goldberg J. Biochemistry. Available at:
http://www.goldiesroom.org/Multimedia/Bio_Images/04%20Biochemistry/15%20A

mino0%20Acid%20Structure%202.jpg

Available at:
http://cmgm.stanford.edu/biochem201/Slides/Protein%20Structure/Polypeptide%20C

hain.JPG, 2014.

Available at: http://chemwiki.ucdavis.edu/@api/deki/files/25923/18.8.jpg?revision=1,

2014.

Lupas A. and Gruber M. The structure of aklptedicd coiled coils. San Diego:

Elsevier Academic Press INC; 2005. p-37.

Parry D. and Squire J. Fibrous proteins: New structural and functional aspects

revealed. San Diego: Elsevier Academic Press INC; 200510. 1

408



[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Feughelman M. Mechanical praties and structure of alpHeeratin fibres: wool,

human hair and related fibres. Sydney: UNSW Press; 1997.

Linklater A., Kohlberg N., and Kopper P. Shetland breeds: 'little animasy full of
spirit," ancient, endangered & adaptable: a compenditiimprincipal essays. Chevy

Chase, Md.: Posterity Press; 2003.

Available at:
http://animaldiversity.ummz.umich.edu/collections/contributors/sara_marie_elder/Fe

males/large.jpg, 2014.

Available at: http://bioweb.uwlax.edu/bio203/s2012/ladell_Agriaintingyak.jpg,

2014.

Lent P.C. Muskoxen and their hunters: a history. Norman: University of Oklahoma

Press; 1999.

Alderson L. Rare breeds. Boston: Little, Brown and Co; 1994.

Switzer C. Spinning llama and alpaca. Estes Park, Colo.: $wiirel Enterprises;

1998.

Robson D. The fleece and fibre sourcebook: more than 200 fibres from animal to
spun yarn / Deborah Robson and Carol Ekarius. North Adams, Mass.: Storey Pub;

2011.

409



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Available at: http://www1.american.edu/ted/images4/alpgog, 2014.

Available at: http://www1.american.edu/ted/images4/alpaca4.jpg, 2014.

Fibre Production in South American Camelids and Other Fibre Animals. S.I.;

Wageningen Academic Publishers; 2012.

GauthierPilters H. The camel, its evolutioecology, behavior, and relationship to

man. Chicago: University of Chicago Press; 1981.

Gillow J. Indian textiles. London: Thames & Hudson; 2008.

Available at:
http://animaldiversity.ummz.umich.edu/collections/contributors/david_blank/Cbactria

nus6/medium.jpg, 2014.

Available at:
http://animaldiversity.ummz.umich.edu/collections/contributors/tanya_dewey/dzguan

acoe3/large.jpg, 2014.

Heise L. American minor breeds notebook. Pittsboro, NC: American Minor Breeds

Conservancy; 1989.

Available at: http://extension.psu.edu/animals/camelids/backgrionenges/llama,

2014.

410



[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Birutta G. Storey's guide to raising llamas. Pownal, Vt.: Storey Books; 2000.

Available at:
http://animaldiversity.ummz.umich.edu/collections/contributors/eva_hefdmja/m

edium.jpg, 2014.

Gordon J.1. The vicuia: the theory and practice of commulmased wildlife

management. New York, NY: Springer; 2009.

Christman C. A rare breeds album of American livestock. Pittsboro, N.C.: American

Livestock Breeds Quservancy; 1997.

Sponenberg D.P. Managing breeds for a secure future: strategies for breeders and

breed associations. Pittsboro, N.C.: American Livestock Breeds Conservancy; 2007.

Dohner J.V. The encyclopaedia of historic and endangered livessholcgoultry

breeds. New Haven: Yale University Press; 2001.

Alderson L. The chance to survive: rare breeds in a changing world. London:

Cameron & Taylor in association with David and Charles; 1978.

Evans N. and Yarwood R. The Politicization a¥éstock: Rare Breeds and

Countryside Conservation. Sociologia Ruralis 2000; 40(2)248

Available at: http://todaarchive.colostate.edu/story.aspx?id=8306, 2014.

411



[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Available at: http://www.ansi.okstate.edu/breeds/goats/angora/angora2.jpg, 2014

Available at: http://wordpress.mrreid.org/mepntent/uploads/2007/12/angera

bunny.jpg, 2013.

Taking stock: the North American livestock census. Blacksburg, Va.: McDonald &

Woodward Pub. Co; 1994.

Mason's world dictionary of livestock breedypes, and varieties. Oxon, UK; New

York, NY: CABI Publishing; 2002.

The American Sheep Industry Association. Sheep production handbook; Centennial,

Colo.: American Sheep Industry Association, 2003.

Harris J. 5000 years of textiles. Washingix@: Smithsonian Books; 2010.

Amos A. The Alden Amos big book of hand spinning. Loveland, CO: Interweave

Press; 2001.

Barber E.J.W. Prehistoric textiles: the development of cloth in the Neolithic and
Bronze Ages with special reference to the Asgdlrinceton, N.J.: Princeton

University Press; 1991.

Bowie G.G.S. New Sheep for Gchanges in Sheep Farming in Hampshire, 1792

1879. The Agricultural History Review 1987; 35(1):25.

412



[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Briggs H.M. Modern breeds of livestock. New York: Macmi|la880.

Broudy E. The book of looms: a history of the handloom from ancient times to the
present. Hanover, NH: Brown University Press: University Press of New England;

1993.

Clutton-Brock J. Domesticated animals from early times. Austin; Londmiversity

of Texas Press; British Museum (Natural History); 1981.

Davenport E.G. Your handspinning: Big Sur, Calif., Craft & Hobby Book Service;

1964.

Dun K. Beautiful sheep: portraits of champion breeds. New York: Thomas Dunne

Books; 2008.

Ekarius C. Storey's illustrated breed guide to sheep, goats, cattle, and pigs: 163 breeds

from common to rare. North Adams, MA: Storey Publishing; 2008.

Fegan J.M. Merino wool, a study of its characteristics and classing: Sydney, Grahame

Book Co., 196.

Field A. The Ashford book of spinning. New York: Sterling Pub. Co; 1988.

Field A. Spinning wool: beyond the basics. Christchurch, N.Z.: Shoal Bay Press;

1995.

413



[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Fournier N. In sheep's clothing: a handspinner's guide to wool. Loveland, Colo

USA: Interweave Press; 1995.

Hall S.J.G. Two hundred years of British farm livestock. London: HMSO; 1995.

Hochberg B. Handspinner's handbook. Santa Cruz, Ca. Oakland, Calif.: B. and B.

Hochberg; wholesale distributor, Textile Artists’ SupAl980.

Horne B. Fleece in your hands. Loveland, Colorado: Interweave Press; 1979.

Johnston J.L. A naturalist's Shetland. London: T & A D Poyser Ltd; 1999.

Mercer J. The spinner's workshop. Dorchester: Prism Press; 1979.

Ross M. Encylopaedia of hand spinning. Loveland, Colo.: Interweave Press; 1988.

Ryder M.L. The History of Sheep Breeds in Britain. The Agricultural History Review

1964; 12(1):112.

Schoeser M. World textiles: a concise history. New York: Thames & Hud8608; 2

Simmons P. Storey's guide to raising sheep: breeding, care, facilities. North Adams,

MA: Storey Publishing; 2009.

Stove M. Handspinning, dyeing, and working with Merino and superfine wools.

Loveland, Colo.: Interweave Press; 1991.

414



[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Teal P. Hand woolcombing and spinning: a guide to worsteds from the spinning

wheel. Poole: Blandford Press; 1976.

Von Bergen W. Textile fibre atlas; a collection of photomicrographs of common

textile fibres: New York, American Wool Handbook Co.; 1942.

Von Bergen W. American wool handbook; a practical text and reference book for the

entire wool industry: New York, Textile Book Publishers; 1948.

Chen X. Modelling and predicting textile behaviour. Cambridge; Boca Raton, Fla.:

Woodhead Publishgi In association with the Textile Institute; CRC Press; 20009.

Appleyard H.M. Guide to the identification of animal fibres. Leeds: Wira; 1978.

Threads of history: An Educational Exhibition. New York: s.n; 1965.

Adams T. and Vollrath, F'WWho wouldn't want to work with spiders?' Available at:
http://www.guardian.co.uk/science/2013/jan/12/tsrdIrath-spiderstim-adams,

2013.

Brunetta L. Spider silk: evolution and 400 million years of spinning, waiting,

snagging, and mating. New Hav. Yale University Press; 2010.

Zemlin J.C. A study of the mechanical behavior of spider silks. Natick, MA: Clothing

and Organic Materials Laboratory, U. S. Army Natick Laboratories; 1968.

415



[117]

[118]

[119]

[120]

[121]

[122]

[123]

Nanostructure design: methods and protocols. Totowh; Numana; 2008.

Seidel A., Liivak O., Calve S., Adaska J., Ji G., Yang Z., et al. Regenerated Spider
Silk: Processing, Properties, and Structure. Macromolecules 2000 02/01; 2011/12;

33(3):775780.

Shao Z., Vollrath F., Yang Y., and Thegers$é. Structure and Behavior of

Regenerated Spider Silk. Macromolecules 2003 02/01; 2011/12; 36(4t16%7

Harding E. Reviving a lost tradition: Cape made from silk of a million spiders
unveiled for new exhibition; Available at: http://www.dailyiheo.uk/femail/article
2090608/Revivingosttradition-Capesilk-million-spidersunveilednew

exhibition.html, 2013.

Available at: http://www.abc.net.au/news/image/3792382 700x467.jpg, 2013.

Available at:

http://repository.usu.ac.id/bitstam/123456789/39541/4/Chapter%20ll.pdf, 2014.

Plaza G.R., Corsini P., Périgueiro J., Marsano E., Guinea G.V., Elices M. Effect
of water on Bombyx mori regenerated silk fibres and its application in nioglify
their mechanical propertie3ournal ® Applied Polymer Science. 2008; 109(3):1793

1801.

416



[124]

[125]

[126]

Available at: http://scienceillustrated.com.au/bloglegmtent/uploads/2012/05/silk

€1336952492848.jpg, 2013.

Available at: http://www.hiroshima

u.ac.jp/upload/en/O/research_hu/researchnow/i@@$8ricinmini.jpg, 2013.

Asakura T., Ashida J., Yamane T., Kameda T., Nakazawa Y., Ohgo K., et al. A

r e p e atarresttuctbre in Poly (Al&ly) as a model for silk 1 of Bombyx mori silk
fibroin studied with twedimensional spirdiffusion NMR underoff magic angle
spinning and rotational echo double resonance. Journal of Molecular Biology. 2001

2/16; 306(2):294305.

[127] Asakura T., Ohgo K., Komatsu K., Kanenari M., Okuyama K. Refinement of

R e p e ature Strudure for Silk | Conformation of Bombynori Silk Fibroin
Using 13C SolidState NMR and Xay Diffraction Methods. Macromolecules 2005

08/01; 2011/10; 38(17):7397403.

[128] Available at: http://www.chem.ucla.edu/harding/ec_tutorials/tutorial81.pdf, 2014.

[129] Asakura T., Yamane T., NakazawWg Kameda T., and Ando K. Structure of

Bombyx mori silk fibroin before spinning in solid state studied with wide angy/ x
scattering and 13C creg®larization/magic angle spinning NMR. Biopolymers 2001,

58(5):521525.

417



[130] Ha S., Asakura T., and Kisre R. Distinctive Influence of Two Hexafluoro Solvents
on the Structural Stabilization of Bombyx mori Silk Fibroin Protein and Its Derived
Peptides: 13C NMR and CD Studies. Biomacromolecules 2006 01/01; 2011/10;

7(1):1823.

[131] Asakura T., Yang M., Kamse T., Nakazawa Y. 13C Solgtate NMR Study of
Structural Heterogeneity in Peptides Containing Both Polyalanine and Repeated GGA
Sequences as a Local Structural Model of Nephila clavipes Dragline Silk (Spidroin

1). Macromolecules 2005 04/01; 2011/12;383563363.

[132] Barber E.J.W. Women's work: the first 20,000 years: women, cloth, and society in

early times. New York: Norton; 1994.

[133] Eliezer N. A dictionary of silk in India. New Delhi: Abhinav Publications; 2011.

[134] GonzalezBulnes, AntonioBaird, David T., Campbell, Bruce K., Cocero, Maria J.,
GarciaGarcia, Rosa M., Inskeep, E. Keith, Loggebastian, Antonio, McNeilly,
Alan S., Santiag®oreno, Julidn, Souza, Carlos J.H., and Vdigaez,Almudena
(2004). Multiple factors affecting the effency of multiple ovulation and embryo

transfer in sheep and goats. Reproduction Fertility and Development. 183521

[135] Available at: http://www.ars.usda.gov/is/ar/archive/oct09/sheep1009.htm, 2013.

[136] Available at: http://heritagegenetics.c@ibasics.html, 2013.

418



[137]

[138]

[139]

[140]

[141]

[142]

[143]

Available at: http://www.fao.org/docrep/003/x3910e/X3910E16.htm, 2013.

Simm, G. Genetic improvement of cattle and sheep. Ipswich, U.K.; Alexandria Bay,
NY, USA: Farming Press; Distributed in North America by Diamond Farm

Enterprises; 1998.

Max, M.C., Santos, G.M.G., Melterza, F.A., Silvé&santos, K.C., Moraotti, F.,
Basso, A.C., Pontes, J.H.F., Baldassarre, H., and Seneda, M.M. (2012). In vitro
embryo production in sheep: Pregnancy after long periods of oocyte angbemb

transport. Small Ruminant Research, 103)1286289.

KaramiShabankareh H. and Mirshamsi S. M. (2012). Selection of developmentally
competent sheep oocytes using the brilliant cresyl blue test and the relationship to

follicle size and oocyte dmeter. Small Ruminant Research, 103(1244249.

Cognié Y., Baril G., Poulin N., and Mermillod P. (2003). Current status of embryo

technologies in sheep and goat. Theriogenology, 59(1)1831

The genetics of sheep (1997). In edited byriaPiper and Anatoly Ruvinsky.,
C.A.B. International., Piper L. and Ruvinsky A. (Eds.). Oxon, UK; New York: CAB

International.

Mortimer S.and Atkins K. (1993). Genetic evaluation of production traits between
and within flocks of Merino sheep Il.7omponent traits of the Hogget fleece.

Australian Journal of Agricultural Research, 44(7), 23339.

419



[144] James P.J., Ponzoni R.W., Walkley J., and Whiteley K.J. (1990). Genetic parameters
for wool production and quality traits in south Australian Meriabthe Collinsville

family group. Australian Journal of Agricultural Research, 41(3); 538

[145] Lax J., Swan A.A., and Purvis I.LW. (1995). Genetic and phenotypic relationships
involving subjectively assessemwabkt yl ebd t
flock. Proceedings of Australian Association of Animal Breeding and Genetics 11,

521-524.

[146] Langlands J. P. and Hamilton B.A. Efficiency of wool production of grazing sheep. 2.
Differences between breeds and strains varying in age. Austialianal of

Experimental Agriculture, 9(38), 252b7.

[147] Lee G.J., Atkins K.D., and Mortimer S.I. (1995). Variation between merino ewes in
pasture intake 2. Withiflock genetic parameters for intake and some production

traits. Livestock Production Scieg, 41(2), 143.50.

[148] Piper L.and Dolling C. (1966). Variation in the sulfur content of wool of merino
sheep associated with genetic differences in ypootlucing capacity. Australian

Journal of Biological Sciences, 19(6), 117882.

[149] Campbell M.E, Whiteley J.K., and Gillespie M.J. (1972). Compositional studies of

high-and lowcrimp wools. Australian Journal of Biological Sciences, 25(5);%89.

420



[150] Jackson N. and Chapman R.E. (1975). Response to selection in Australian Merino
sheep. VI. Inhatance of abnormal staple crimp; estimates of phenotypic and genetic

parameters. Australian Journal of Agricultural Research, 26(2)3825

[151] Park J. and Shore J. Evolution of riginst-time dyeing production. Colouration

Technology 2009; 125(3):B83140.

[152] Australian Wool Innovation Limited; Available at: http://www.wool.com/, 2013.

[153] Processing and finishing of polymeric materials. Hoboken, N.J.: Wiley; 2012.

[154] Wool: science and technology. Boca Raton; Cambridge, England: CRC Press;

Woodhead Publishing; 2002.

[155] Purdue Agriculture Animal Sciences. Available at:

https://ag.purdue.edu/ansc/Pages/default.aspx, 2013.

[156] Natural Plant and Animal FibresA return to renewable resources. Available at:

http://www.binhaitimes.com/, 2013.

[157] Advances in wool technology. Cambridge, England; Boca Raton, FL: Woodhead

Publishing in association with the Textile Institute; CRC Press; 2009.

[158] Handbook of technical textiles. Boca Raton, FL: CRC Press/Woodhead Publishing;

2000.

421



[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

MajumdarA, Das A, Alagirusamy R, Kothari V. K. Process control in textile
manufacturing. Oxford; Philadelphia: Woodhead Publishing Limited in association

with the Textile Institute; 2012.

Enzyme applications in fibre processing. Washington, DC: American iCaem

Society; 1998.

Liivak O., Blye A., Shah N., Jelinski L.W. A Microfabricated \A&pinning
Apparatus to Spin Fibers of Silk Proteins. Struct@reperty Correlations.

Macromolecules 1998 05/01;

Hochberg B. Fibre facts. Santa Cruz, Ca: B. libmrg; 1981.

Prachayawarakorn J. and Kryratsamee W. Dyeing properties of Bombyx mori silks
grafted with methyl methacrylate and methacrylamide. Journal of Applied Polymer

Science. 2006; 100(2):114975.

Brito K.K. Shibori; creating colour & td¢ure on silk. New York: WatseGuptill

Publications; 2002.

Walters A., Santillo D., Johnston P. An overview of textiles processing and related
environmental concerns. Greenpeace Research Laboratories, Department of

Biological Sciences, University @&xeter, Exeter EX4 4PS, UK 200531.

Available at: http://eippcb.jrc.ec.europa.eu/reference/BREF/txt_bref 0703.pdf, 2014.

422



[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

Available at:
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/33827

6/hpa_tetrachloroethylen®xicological_overview_v1.pdf, 2014.

Available at: http://toxtown.nlm.nih.gov/text_version/chemicals.php?id=22, 2014.

Available at: http://infohouse.p2ric.org/ref/41/40651.pdf, 2014.

Environment Canada and Health Canada. Available at/Mmttvw.ec.gc.ca/lcpe

cepa/documents/rpts_aann_rpts/01_02/ar01_6#hg.pdf, 2014.

Avalilable at: http://www.eurofins.com/media/17648/ape0%20in%?20textiles%20

%20en.pdf, 2014.

Choudhury A.K.R. Green chemistry and the textile industry. Textdgreéss 2013

03/01; 2014/10;45(1):343.

Available at: http://onlinelibrary.wiley.com/doi/10.1002/14356007.a26_227/pdf,

2014.

Available at:
https://www.researchgate.net/publication/235723826_Complexing_agents_in_raw_w

ool_scouring, 2014.

Karapinar E. and Sariisik M.O. (2004). Scouring of cotton with cellulases, pectinases

and proteases. Fibres and Textiles in Eastern Europe 12 {82. 79

423



[176]

[177]

[178]

[179]

[180]

[181]

[182]

Stringer R. and Johnston P. (2001). Chlorine and the environment: An overview of

the chlorine indatry. Environmental Science and Pollution Research, 8(2)1486

Lacasse K. (2004). In Baumann W. (Ed.), Textile chemicals: environmental data and

facts. Berlin; New York: Springer.

Schonberger H.and Schéafer T. (2003). Best available teadmiguextile industry.
(Research report No. UBAB-000325). Berlin: Federal Environmental Agency

(Umweltbundesamt).

Nowack B. (2002). Environmental chemistry of Aminopolycarboxylate chelating

agents. Environmental Science & Technology, 36(19), 4%.

Tandy S., Bossart K., Mueller R., Ritschel J., Hauser L., Schulin R., and Nowack B.
(2004). Extraction of heavy metals from soils using biodegradable chelating agents.

Environmental Science & Technology, 38(3), 3B%.

Lewis, Richard JSr. (2004). In Sax N. I. (. I. (Ed.), Sax's dangerous properties of

industrial materials. Hoboken: Wildnterscience.

Blackburn R.S. and Burkinshaw S.M. (2002). A greener approach to cotton dyeings

with excellent wash fastness. Green Chemistry,, 4(252.

424



[183]

[184]

[185]

[186]

[187]

[188]

[189]

Burkinshaw S.M., Mignanelli M., Froehling P.E., and Bide M.J. (2000). The use of
dendrimers to modify the dyeing behaviour of reactive dyes on cotton. Dyes and

Pigments, 47(3), 259267.

Ahmed N.S.E. (2005). The use of sodium edatbendlyeing of cotton with reactive

dyes. Dyes and Pigments, 65(3), 22b.

Rieger P., Meier H., Gerle M., Vogt U., Groth T., and Knackmuss H. (2002).
Xenobiotics in the environment: Present and future strategies to obviate the problem

of biological persistence. Journal of Biotechnology, 94(1),-1@B.

Casarett and doull's toxicology: The basic science of poisons (2008). In editor C. D.

K., Casarett L. J., Klaassen C. D. and ebrary I. (Eds.), . New York: McBilaw

ATSDR Toxicological pofile for chromium on CEROM. Agency for Toxic

Substances and Disease Registry. U.S. Public Health Service, 2000.

Kimbrough D.E., Cohen Y., Winer A.M., Creelman L., and Mabuni C. A critical
assessment of chromium in the Environment. Critical Revie\Esnvironmental

Science and Technology 1999; 29(1-44.

Available at: http://www.ars.usda.gov/is/AR/archive/may08/wool0508.htm?pf=1,

2013.

425



[190]

[191]

[192]

[193]

[194]

[195]

[196]

Jakobsson K., Thuresson K., Rylander L., Sjédin A., Hagmar L., and Bergman A.
(2002). Exposure to pdhyominated diphenyl ethers and tetrabromobisphenol A

among computer technicians. Chemosphere, 46(5)7169

Ikonomou M.G., Rayne S., and Addison R.F. (2002). Exponential increases of the
brominated flame retardants, polybrominated diphenyl ethretise Canadian arctic

from 1981 to 2000. Environmental Science & Technology, 36(9),-18%@.

Available at: http://www.ars.usda.gov/is/ar/archive/may05/woo0l0505.htm, 2013.

Available at:
http://sheepindustrynews.org/?page=site/text&nav_id-36428206792a8134328cab

41d8aed&archive_id=, 2013.

Boulanger B., Vargo J., Schnoor J.L., and Hornbuckle K.C. (2004). Detection of
perfluorooctane surfactants in great lakes water. Environmental Science &

Technology, 38(15), 4064070.

Martin J.W.,Smithwick M.M., Braune B.M., Hoekstra P.F., Muir D.C.G., and
Mabury S.A. (2004). Identification of loaghain perfluorinated acids in biota from

the Canadian arctic. Environmental Science & Technology, 38(2)3803

KEMI (2004) Survey and technicassessment of alternatives to decabromodiphenyl
ether (decaBDE) in textile applications. Swedish Chemicals Inspectorate Order No.

510 792.

426



[197]

[198]

[199]

[200]

[201]

[202]

[203]

DEPA (2004) Danish Environmental Protection Agency: Survey of chemicals in

consumer products No24: Antibagsdrcompounds in clothing articles.

Available at: http://www.csiro.au/Organisati@tructure/Divisions/CMSE/Fibre

Science/MedicalTextiles.aspx#Biomedical, 2013.

Islam S., Arnold L., and Padhye R. Application of Chitosan on Wagdose
Nonwovenfor Wound Dressing. Journal of Biobased Materials and Bioenergy 2013

Aug 1, 2013:7(4):439143.

Das D., Pradhan A.K., Chattopadhyay R., and Singh S.N. Composite Nonwovens.

Textile Progress 2012 Mar 1, 2012;44(134.

Murugesh Babu, K. (2013%ilk: Processing, properties and applications. Cambridge,
UK; Philadelphia, PA; Manchester, England: Woodhead Publishing; In association

with The Textile Institute.

Dumas D., and Pickrell J. (Mar 10, 2011). Silkworms made to spin coloured silk.
Retieved, 2013, from
http://www.australiangeographic.com.au/news/2011/03/silkwonmadeto-spin

colouredsilk/

Li M., Ogiso M., and Minoura N. (2003). Enzymatic degradation behavior of porous

silk fibroin sheets. Biomaterials, 24(2), 3885.

427



[204] JinH., Park J., Valluzzi R., Cebe P., and Kaplan, D. L. (2004). Biomaterial films of

[205]

[206]

Bombyx mori silk fibroin with poly(ethylene oxide). Biomacromolecules, 5(3); 711

717.

Mauney J.R., Nguyen T., Gillen K., Kirkétead C., Gimble J. M., and Kaplan, D. L
(2007). Engineering adipogike tissue in vitro and in vivo utilizing human bone
marrow and adiposéderived mesenchymal stem cells with silk fibroin 3D scaffolds.

Biomaterials, 28(35), 5286290.

Hakimi O., Knight D.P., Vollrath F., and Vadgama(B007). Spider and mulberry
silkworm silks as compatible biomaterials. Composites Part B: Engineering, 38(3),

324-337.

[207] Ahn J., Choi H., and Cho C. (2001). A novel mucoadhesive polymer prepared by

[208]

[209]

template polymerization of acrylic acid in the presenf chitosan. Biomaterials,

22(9), 923928.

Wang Y., Kim H., VunjakNovakovic G., and Kaplan D.L. (2006). Stem dmdised

tissue engineering with silk biomaterials. Biomaterials, 27(36), -G0&2.

Motta A., Migliaresi C., Faccioni F., Toredli P., Fini M., and Giardino R. (2004).
Fibroin hydrogels for biomedical applications: Preparation, characterization and in
vitro cell culture studies. Journal of Biomaterials Scienelymer Edition, 15(7),

851-864.

428



[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

Gotoh K., Izumi H., Kanamot®., Tamada Y., and Nakashima H. (2000). Sulfated
fibroin, a novel sulfated peptide derived from silk, inhibits human immunodeficiency
virus replication in vitro. Bioscience, Biotechnology, and Biochemistry, 64(8),-1664

1670.

Bhowmick M., Mukhopadhyas., and Alagirusamy R. Mechanical properties of

natural fibrereinforced composites. Textile Progress 2012 Jun 1, 2012;44P}®B5

Mauch P.D. Quality management: theory and application. Boca Raton: CRC Press;

2010.

Six sigma: advanced todisr black belts and master black belts. Chichester, England;

Hoboken, NJ: Wiley; 2006.

Brussee W. Statistics for Six Sigma made easy! New York: Mc&Hiéin2004.

iISixSigma: Six Sigma Resources for Six Sigma Quality. Available at:

www.isixsigmacom, 2013.

Behind human error electronic resource. Farnham; Burlington, VT: Ashgate; 2010.

Whittingham R.B. The Blame Machine: Why Human Error Causes Accidents.

Burlington: Elsevier; 2004.

Bainbridge L., Rasmussen J., Duncan K.D., arplate]. New Technology and

Human Error. ; 1987.

429



[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

Endsley M., and Kaber D.B. Ergonomics 1999; 42:462.

Layton C., Smith P.J., and Mccoy E. Human Factors 1994; 36:94.

Salas E., Prince C., Baker D.P., and Shrestha L. Human Factors 1995; 37:123

Woods D., Goodstein J., Andersen H., and Olsen B. Tasks, Errors, and Mental

Models. ; 1988.

Elzer P. E. Human Error, System Design and Management. New York: Springer Feb.

2000; 2000.

Endsley M., Parasuraman R., and Mouloua M. AutomatrmhHuman Performance:

Theory and Applications. ; 1996.

Ephrath A.R., Young L.R., Rasmussen J., and Rouse W.B. Human Detection and

Diagnosis of System Failures; 1981.

Dhillon B.S. Safety and human error in engineering systems. Boca RatorP@Rs;

2013.

Amalberti R. Reliability Engineering and System Safety 1992; 38:99.

Rowan R.L. Employee relations trends and practices in the textile industry.
Philadelphia, Pa.: Industrial Research Unit, Wharton School, University of

Pennsylvanial987.

430



[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

US Environmental Protection Agency. Available at: www.epa.gov, 2013.

Hoc J. From humaih machine interaction to huménmmachine cooperation.

Ergonomics 2000 07/01; 2013/04; 43(7):8383.

Occupationbprojections and training data008.

Hollnagel E. and Woods D.D. International Journal of Niéarchine Studies 1983;

18:583.

Lee J. and Moray N. International Journal of HurGmputer Studies 1994; 40:153.

ASTM - International Standards WorldwideéAvailable at: hp://www.astm.org/,

2013.

AATCC Online: American Association of Textile Chemists and Colourists. Available

at: http://www.aatcc.org/, 2013.

Bureau International pour la Standardisation des Fibres Artificielles (BISFA).

Available at: http://www.isfa.org/HOME.aspx, 2013.

International Wool Textile Organisation (IWTAvailable at: http://www.iwto.org/,

2013.

BSI Standards. Available at: http://contentonline.co.uksbsndardsmaterials

sector#Textiles, 2014.

431



[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

CENT Centexbel. Aailable at: http://www.centexbel.be/ceso-standardization

committeeson-textiles, 2014.

International Organization for Standardization (IS®yailable at:

http://www.iso.org/iso/home.htm, 2013.

European Disposables and Nonwovens AssocidE@ANA); Available at:

http://www.edana.org/, 2013.

Dowell J. and Long J. Ergonomics 1998; 41:126.

Lee J. and Moray N. Ergonomics 1992; 35:1243.

Militello L.G., Kyne M.M., Klein G., Getchell K., and Thordsen M. International

Journal of @gnitive Ergonomics 1999; 3:131.

Millot P., Mandiau R., Hoc J.M., Cacciabue P.C., and Hollnagel E. Expertise and

Technology: Cognition & Humagomputer Cooperation; 1995.

Handbookof human factors and ergonomi¢tpboken, NJ: Wiley; 2012.

Cellier .M., Eyrolle H., and Marine C. Ergonomics 1997; 40:28.

Clark A.A., Smyth G.G. International Journal of Mitachine Studies 1993; 38:3.

Human dignity and managerial responsibility: diversity, rights, and sustainability.

Farnham, SurreyBurlington, VT: Gower; 2012.

432



[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

Barrutia J., Landeta J., Araujo A., and Hoyos J. Information problems and company
behaviour visa-vis continuous management trainituman Factors and Ergonomics

in Manufacturing & Service Industries 2012.

Sherrton J.C. Corporate culture, team culture: removing the hidden barriers to team

success. New York: Amacom; 1997.

Garrick J. Informal learning in the workplace: unmasking human resource

development. London; New York: Routledge; 2002.

Moody V. Tufted carpet: textile fibrefibres, dyes, finishes, and processes. Norwich,

NY: William Andrew Pub; 2004.

Hunter L. Mohair: a review of its properties, processing and applications. Port
Elizabeth, South Africa; West Yorkshire, England; Manchester, Utision of

Textile Technology; International Mohair Association; Textile Institute; 1993.

Available at: http://www.woolmark.com/mercerisaterino, 2014.

Christie R.M. Thechemistry of colour applicatior2000.

Textile dyeing. Rijeka, Crde: InTech, 2011; 2011.

Cook F. Dye and Pigment Makers Strive To Survive. (cover story). Textile World

2001 11; 151(11):17.

433



[259] Supriyatna In, David S.K. Dyeesist effects on silk fabric treated with sulphamic acid

and sandospace R. Dyes and Ragts 1992;18(4):29308.

[260] Burkinshaw S.M. and Paraskevas M. The dyeing of silk: Part 3 the application and

washoff of modified vinyl sulfone dyes. Dyes and Pigments 2011 2; 88(22292

[261] Burkinshaw S.M. and Paraskevas M. The dyeing of silkZiakftertreatment with

natural and synthetic tanning agents. Dyes and Pigments 2011 2; 88(B93.56

[262] NPCS Board co. Handbook on textile auxiliaries, dyes and dye intermediates

technology. Delhi: Asia Pacific Business Press; 2009.

[263] The sciencef colour. Amsterdam; Boston: Elsevier; 2003.

[264] Colour measurement: principles, advances and industrial applications. Cambridge;

Philadelphia: Woodhead Publishing; 2010.

[265] Slater K. Environmental impact of textiles: production, processes andfwate

Cambridge; Boca Raton, FI: Woodhead Publishing. : Textile Insitutute; CRC; 2003.

[266] Moussalli F.S. A review of current techniques for dyeing 50/50 polyester/cotton knits

and their economi¢c€harlottesville, Va.: Institute of Textile Technologyg84.

[267] Bird C.L. The Theory and Practice of Wool Dyeing, 4th edjtm65, 1972.

434



[268]

[269]

[270]

[271]

[272]

[273]

[274]

Millington K. (Sep 16, 2008). The colouration of wpBletrieved, 2013, from

http://lwww.csiro.au/Outcomes/Fo@hd Agriculture/WoolColouration.aspx

Pierlot T. (Aug 29, 2012). The chemical and physical structure of merino, wool
Retrieved, 2013, from http://www.csiro.au/Organisation
Structure/Divisions/CMSE/Fibr8cience/Thehemicalandphysicatstructureof-

merinowool-2.aspx

Producers urged to be cautsoof hair fibre contamination in wool. (Apr 1, 2007).
Retrieved, 2013, from
http://sheepindustrynews.org/?page=site/text&nav_id=55dfe6a4f0c876c557379e63e0

5e068f&PHPSESSID=18d9a3488ef797ef6108e0606d97e570&archive_id=

Wool fibre contamination (Feb 22012),Retrieved, 2013, from

http://www.woolmark.com/woefibre-contamination

Millington K.R. Photoyellowing of woolPart 1: Factors affecting photoyellowing

and experimental techniques. Coloration Technology 2006; 122(4)8&9

Lawrence CA. Fundamentals of spun yatechnologyBoca Raton, Fla.: CRC Press;

2003.

Weaving. (Feb 27, 2012). Retrieved, 2013, from http://www.woolmark.comylearn

aboutwool/weaving

435



[275]

[276]

[277]

[278]

[279]

[280]

[281]

Common wool knitted structures. (Feb 27, 2012). Retrieved, 2013, from

http://www.woolmark.com/learaboutwool/commonrwool-knitted-structures

Knitting machine types. (Feb 27, 2012). Retrieved, 2013, from

http://www.woolmark.com/learaboutwool/knitting-machinetypes

Fabric quality. (Feb 27, 2012). Retrieved, 20t8m

http://www.woolmark.com/learaboutwool/fabric-quality

Barre in fabrics. (2012). Retrieved, 2013, from

http://textiletechinfo.com/spinning/barre.htm

Available at:
http://books.google.com/books?id=TIYbNdrIsPEC&pg=PA102&Ipg=PA102&dg=wa
ter+hardness+definition+in+different+countries&source=bl&ots=7gYGUuJIVe&sig=
kZOIILFgRTVF4c8vet9jinEhjBg&hl=en&sa=X&ei=CCIsVI35LMTJggTg4ICwCwé&
ved=0CDAQ6AEwWAg#v=0nepage&q=water%20hardness%20definition%20in%20di

fferent%20countries&f=false, 2014.

Lewis D.M.,, Wool dyeing. West Yorkshire: Society of Dyers and Colourists; 1992.

Trabbic K.A. and Yager P. Comparative Structural Characterization of Natuaatly
SyntheticallySpun Fibres of Bombyx mori FibraiMacromolecules 1998 01/01;

2011/10; 31(2):46271.

436



[282] Chakraborty J.N. Fundamentals and practices in colouration of textiles. New Delhi:

Woodhead Publishing India Pvt. Ltd.; 2010.

[283] Available at: http://www.dyes.co.uk/evratyesapplication.html, 2014.

[284] Scaffner K. and Mosimann Wextilveredlung 24 (1979) 12.

[285] Thomas H., Kaufmann R., Peters R., Hoker H., Lipp M., Goshnick J., and Ache H.J.
Afterchrome dyeing of wool. Part-8hromium in the effluent, analytical
determination and characdsation of influencing factorstournal of theSociety of

Dyers and Colourists, 108 (1992) 186.

[286] Benisek L., Dyerl156 (1976) 600.

[287] Spinacci and Gaccio N.@2th Congress of IFATT(Budapest, 6 (1981) 10.

[288] Xing J. and Pailthorpe M.T. Low Chrome Dyeing. Paftrie Role of Sdphamic
Acid in the Afterchrome Dyeing of Wonlournal of the Society of Dyers and

Colourists, 108 (1992) 17.

[289] Duffield P.A. and Hoppen K.H. Melliand Textilheg8 (1987) 195.

[290] Xing J. and Pithorpe M.T. LowChrome DyeingPart 2A New Rare Earth Dyeing

Method Journal of the Socigtof Dyers and Colourist$,08 (1992) 265.

437



[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

Lewis D.M. and Yan G. Chrome Dyeing Using Anionic Bivalent Chromium
Complexes As Mordants. Journal of theciety of Dyers and Colourist11 (1995)

316.

Qian J., Hamada K. nd Mitsuishi M. Sorption behaviour of fluorinated azo

sulphonated dyes by silk fibre. Dyes and Pigments 1993; 21(42&5%5

Dystar Astrazon® manual, Available at:

https://www1.dystar.com/idx/Basic_dye.htm, 2014.

Ganswindt A. Dyeing silk, mixesdlilk fabrics and artificial silks. London: Scott,

Greenwood; 1921.

Mousa A.A. andYoussef Y.A. Dyeing of nylon 6 and silk fabrics with a model
disulphide bis(ethylsulphone) reactive disperse dye. Colouration Technology 2003;

119(4):225229.

Lannom G.W. A Dye that Endurg€alliope 2010 09; 21(1):40.

Xia F. and Tian J. Study on dyeing properties of wool fabric under low temperature.
The 2010 international conference on information technology and scientific

managemen®010.

KhandelwalM.K. Dyeing printing and textileJaipur: Ritu Publications; 2005.

438



[299]

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

Lee J.J., Lee H.H., Eom S.I., and Kim J.P. UV absorber aftertreatment to improve
lightfastness of natural dyes on protein fibres. Colouration Technology 2001;

117(3):134138.

Available at: http://cool.conservatiars.org/jaic/img/jaic431-004-ch4fgl.jpg, 2014.

Kadolph S.J. and Casselman K.D. In the Bag: Contact Natural Dyes. Clothing and

Textiles Research Journal January/March 2004 January/March 2004£)22%P1.

Park J. and Shore J. Practical Dyeing. Voluni2y# Selection and Dyehouse
Support;Society of Dyers and Colourist3004. Available at:
ww.tex.tuiasi.ro/biblioteca/carti/CARTI/Textile/Practical%20Dyeing%2@v1

3/Practical%20Dyeing%?20v2-3.pdf.

Giarratano X. Foundations of computer technolpgydianapolis, Ind.: H.W. Sams;

1982.

Giarratano .C. Modern computer conceptadiamapolis, Ind.: H.W. Sams1882.

Expert system software: engineering, advantages, and applications. New @oak: N

Science Publishers; 2012.

Giarratano L. Expert system: principles and programming. 1989.

Giarratano L. Expert systems: principles anagramming. Boston: PWS

Publishing Companyt994.

439



[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

Giarratano . Expert system®principles ad programming. 1998.

CLIPS Conference (1s1990: NASALyndon B Johnsor§pace Center. First CLIPS
Conference proceedings: proceedings of a conference hosted by thellyA&#n
B. Johnson Space Center and held at the NA&#son Space Center, Housto

Texas, August 135, 1990. Washington, D.C.: NASA; 1990.

CastelfranchC. Artificial Intelligence1998;103:157.

Hoc JM., Amalberti R, Boreham N Cacciabue F., Hollnagel E. Expertise and

Technology: Cognition & humaoomputer Cooperain.; 1995.

Todd SB. An introduction to expert systemk992.

Gunther R. Préparation du cotonenpieces syst me expert. L6

1989;1197:78-80.

Frei G, Walliser R Wooly - anexpert system for the wool dyelpurnal éthe

Society of Dyers and Colourists 199107(4):147149.

Frei G, Poppenwimmer KO T e x pi eam experd system for finishing:

Textilveredlung 199227:276279.

Lange A, Nahr U, Schurmann K B a f han expést system for dye application

Textilveredlung 199227:268-275.

440



[317]

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325]

[326]

Karamantscheva I. SmartMatctan expert system from Datacolor International for

calculating dye recipeJextilveredlung 199429: 29.

Datacolor International, Dye recipes: an expert system. Industridef &a95;1262.

Viviani F. Datavin i an expert system for dyefivista Delle Tecnologie Tessili

1996;5:138-143.

KalavB. A diagnostic expert system for inkjet printing pregelstanbul Technical

University; 2012.

SurveyMonkey. Availale at: http://www.surveymonkey.com, 2012.

Dantzig GB. Linear programming and extensigiginceton, N.J: Princeton

University Press; 1963.

Generalized qualitative probability: Savage revisited. Proceedings of the 12th

Conference on Uncertainiy Artificial Intelligence 1996.

Luce RD. The Ongoing Dialog between Empiricdience and Measurement

Theory;Journal ofMathematicalPsychobgy 1996/3;40(1): 78-98.

Hammond B. Smart choices: a practical guide to making better decisBnston,

MasschusettsHarvard Business School Press; 1999.

Karp H, R. On the complexity of combinatorial problems Netwotk35;5:44-68.

441



[327]

[328]

[329]

[330]

[331]

[332]

[333]

[334]

[335]

Editors. Expected Utility Hypotheses and the Allais ParaBaxdrecht; 1979.

Heuristics and bias:The psychology of intuitivjudgment Cambridge: Cambridge

University Press; 2002.

Schmeidler DSubjective Probability and Expected Utility without Additivity

Econometrica 1989 Ma7(3):571-587.

Quiggin J. Generalized Expected Utilityeory: The Randbependent Model.

Dordrecht: Kluwer Academic; 1993.

Bipolar Sugeno and Choquet integrdtsirofuse02 Workshop on Information

Systems; 2002.

Roy B, Multicriteria methodology for decision aidifdgordrecht, Netherlands;

Boston,MasschusettsKluwer Academic Publishers; 1996.

Delphi method. Available at: http://en.wikipedia.org/wiki/Delphi_method, 2014.

Zeng X, Kang S, Li F., Zhang L, Guo P. Fuzzy mukbbjective linear programming
applying to crop area planning. Acultural Water Manage 2010 12/98(1):134

142.

Liang T. Fuzzy multiobjective project management decisions usingvaseuzzy
goal programming approacGpmpuer & Industrial Engneering2009

11:57(4):14071416.

442



[336]

[337]

[338]

[339]

[340]

[341]

[342]

Tamiz M., Jones O Romep C. Goal programming for decision making: An
overview of the current statd-the-art. Euepeanjournal ofOpeiationalResarch

1998 12/16111(3):569-581.

McCarthy J, HayesP.J. Some Philosophical Problems from The Standpoint Of
Artificial Intelligence 1969; Available at: http://www

formal.stanford.edu/jmc/mcchay69.pdf, 2014.

Liang T. Applying fuzzy goal programming to project management decisions with
multiple goals in uncertain environmenixpert Systms withApplications2010

12;37(12)84998507.

Tversky A, Shafir E. Choice under Conflict: The Dynamics of Deferred Decision.

Psychological Science 1992 No8(6):358361.

Leatherman J, Vayrynen.Eonflict Theory and Conflict Resolution: Directions for
Collaborative Researclokcy. Cooperation and Conflict 1995 March GD(1):53

82.

Laviolette M, Seaman.W.Jr.,Barrett JD., Woodall WH. A Probabilistic and

Statistical View of Fuzzy Methodg;echnometrics 1995 Aug37(3):249-261.

Decisionmaking process: corpts and methods. London; Hoboken, NJ: ISTE; John

Wiley & Sons; 2009.

443



[343]

[344]

[345]

[346]

[347]

[348]

[349]

O'Hagan MA Fuzzy Decision Makerl991; Available at:
http://lwww.csee.wvu.edu/classes/cpe521/old/Reading%20Assignment%204%20

%20Hagan%28620Fuzzy%20decision%20making.pdf.

Hu C., Teng C, Li S. A fuzzy goal programming approach to muolijective
optimization problem with prioritie€€uropeanlournal ofOpemationalResarch2007

2/1;176(3):13191333.

Osman MS,, Abo-Sinna MA., Amer AH., Emam OE. A multi-level nonlinear
multi-objective decisiommaking under fuzzinesépplied Mathematics and

Computation 2004 5/29;53(1):239-252.

Yang H. A Network Model for Organizational Decision Maki@yberretics &

Sysems Journal995 03/01; 2014/026(2):237-263.

Tapia CG., Murtagh BA. Interactive group decisiemaking using fuzzy
programming with preference criterfauzzy Set& Sysems1992 1/1045(1):13-

23.

Anandalingam G, Apprey V. MuHevel progamming and conflict resolution;

EuropreanJournalof OpemtionalResarch1991 3/2751(2):233-247.

Bai Y., Wang D. Fundamentals of Fuzzy Logic ContrBlzzy Sets, Fuzzy Rules
and Defuzzifications. Advanced Fuzzy Logic Technologies in Industrial

Applications; 2006. p. :36.

444



[350]

[351]

[352]

[353]

[354]

[355]

[356]

[357]

[358]

Nguyen HT. Fundanentals of statistics with fuzzy dat&erlin; New York: Springer;

2006.

OrchardRA. FuzzyCLIPS Ver sil®98; AGailabldak: Us er 6 s

http://thor.info.uaic.ro/~dcristea/cursuri/SE/fzdocs.pdf.

Fuzzy Systems Theory and Its Applicasohst edtion: Academic Press; 1992.

Zimmermann H. Fuzzy set theory. 2010; Available at:

http://www.mv.helsinki.fi/home/niskanen/zimmermann_review.pdf.

Klir GJ., Yuan B. Fuzzy Sets and Fuzzy Logic Theory and Applicatit®g4;

Available at:http://is.iiita.ac.in/study/Computational%20Intelligence/klir_youn.pdf.

Westland S. Computational colour science using MATLABboken, NJ: Wiley;

2012.

Wang S, Archer NP. A neural network based fuzzy set model for organizational
decision malng. Systems, Man, and Cybernetics, Part C: Applications and Reviews,

IEEE Transactions on 19988(2):194-203.

Almond RG. Discussion: Fuzzy Logic: Better Science? Or Better Engineering?

Technometrics 1995 Aug37(3):267-270.

Hong T., Lee C Induction of fuzzy rules and membership functions from training

examplesFuzzy Sets Systns1996 11/2584(1):33-47.

445

G



[359]

[360]

[361]

[362]

[363]

[364]

[365]

[366]

Anderson FD., Sweeney.D., WilliamsA.T. Essentials of Statistics for Basiss and

Economics 6™ edition; Cengage Learning; 20.

Wu C, Lai L., Chang Y. Extending FuzzyCLIPS for parallelizing ddégendent

fuzzy expert system3he Journal of Supercomputing 2012 03/89(3):137931395.

Smart JUser Manual for wxCLIPS 1.30994; Available at:
http://webcache.googlisercontent.com/search?q=cache:4NVANnbxduQJ:ftp://164.4

1.45.4/publ/ai/fuzzyclips/wxfuzzy/wxclips.ps+&cd=1&hl=en&ct=clnk&gl=us.

Orchard B. Quick introduction to FuzzyCLIPSvailable at:

http://alumni.cs.ucr.edu/~vladimir/cs171/quickfuzzy.pdf.

Chadha R., Mazlack LJ., Pick RA. Using existing knowledge sources (cases) to

build an expert system. Expert Saists1991;8(1): 3-10.

Hall L.O. Rule chaining in fuzzy expert systerksizzy Systems, IEEE Transactions

on 2001.9(6): 822-:828.

Srinivasan § Ramakrishnan S. Evolutionary multi objective optimization for rule

mining: a review. Artiicial IntelligenceReview 2011 10/0136(3):205-248.

Hong T, Lee C. Induction of fuzzy rules and membership functions from training

examplesFuzzy Sets Sysims1996 11/2584(1):33-47.

446



[367]

[368]

[369]

[370]

[371]

[372]

[373]

Guo Z, Wong W, Leung S Li M. Applications of artificial intelligence in the
apparel industry: a review. Textile Research Journal 2011 November 01;

81(18):18711892.

SGAI International Conference @mnovativeTechniques and Applications of
Artificial Intelligence Research and development in intelligent systems XXIV:
proceedings of AR007, the TwentBSeventh SGAI International Conference on
Innovative Techniques and Applications of Artificial Iigénce. London: Springer;

2008.

Chu Y., Tseng S Tsai Y., Luo R. An intelligent questionnaire analysis expert

system Expert SystmsApplications2009 3;36(2):26992710.

Ratchapradit P Chantrapornchai C. Expert system for rice diseagmnd&s

Veridian 20136(1): 904-913.

Chang C. Multichoice goal programmin@®mega 2007 835(4):389-396.

Chang C. Revised multihoice goal programmind\pplied MathematicalModeling

2008 12;32(12):2587-2595.

Lai Y. Hierarchical opgtnization: A satisfactory solution. Fuzzy Sets @ys$1996

2/12;77(3): 321-335.

447



[374]

[375]

[376]

[377]

[378]

[379]

[380]

[381]

Huang C, Ruan D. Fuzzy Sets and Fuzzy Information Granulation Theory (Key

selected papers by Lotfi A. ZadehBeijing Normal University Press; 2000.

Ramamoorthy, P.Fuzzy Logic, Fuzzy Expert Systems & Fuzzy Contro]l26903;
Available at:
http://www.ece.uc.edu/~pramamoo/CourseWork/BookNonLinearAndAdaptiveSysPD

Ffiles/Chapterl6_FuzzylLogic_SV_2c.pdf.

Li P. Fuzzy Relational Equations: Resolution and OptinopatNorth Carolina State

University; 2009.

Hardy T.L. Multi-objective decisionmaking under uncertaintyjuzzy logic methods;

Multi-objective decision making under uncertajrit994.

National Research Council Cana@814; Available at: httpMww.nrc

cnrc.gc.ca/eng/index.html|?PHPSESSID=697bb52f80246fabe2c5ea50419c6alf.

Togai M. The World's Sourder Fuzzy Logic SolutionsAvailable at:

http://www.ortechengr.com/fuzzy/togai.html.

Adrion W.R., Branstad MA., Cherniavsky .L. Validaion, Verification, &ad Testing

of Computer SoftwareACM Computng Suney; 1982 din; 14(2):159-192.

Debbabi M, Hassae F, Jarraya Y, Soeanu A Alawneh L. Verification, Valiation,

and AccreditationSpringer Berlin Heidelberg; 2010. p.-95.

448



[382]

[383]

[384]

[385]

[386]

[387]

[388]

[389]

Idaho NL. Independent verification & validation: providing unbiased software

analysis & evaluation services. 2008

Hahnle R. Leveraging Applications of Formal MedlspVerification, and Validatian
International Workshops, SARS 2011 and MLSQ2MHeld Under the Auspices of
ISoLA 2011 in Vienna, Austria, October-118,2011. Revised Selected Papers;

Berlin, Heidelberg: Springer Berlin Heidelberg: Imprint: Springer; 2012.

IEEE Standard for Softare Verification and Validatior2005.

|[EEE Standard for System and Software Verification aalidetion 2012.

Oberkampf WL., Barone MF. Measures of agreement between computation and
experiment: Validation metrics. Journal of Computational Physics 200@57(1):

5-36.

OberkampfW.L., Trucano TG. Verification and validation benchmarkéuclear

Engneering andedgn 2008 3;238(3):716-743.

Michael JB., Drusinsky D, Otani TW., Man-Tak S. Verification and Validation for

Trustworthy Software SystemSoftware, IEEE 201128(6):86-92.

Margaria T. Leveraging Applications of Formal Methods, Verification and

Validation, Applications and Case Studies: 5th International Symposium, ISoLA

449



2012, Heraklion, Crete, Greece, Octoberl85 2012, Proceedings, Part Il. Berlin,

Heidelberg: Springer Berlin Heidelberg: Imprint: Springer; 2012.

[390] United States National Aeronautics éolace Administration Office dhspector
General. Validation and verification of selected NASA fiscal year 2001 performance

data related to the Govenent performance and resudist. 2002

[391] United States National Aeronautics and Space Administration Officespéctor

General. Independent veriéiton and validation of softwar2003.

[392] Young M. Sterilization & Infection Control. Verificatm validation: what's the

difference? OR Manager 2011 &3(3):22-23.

[393] Swartz M, Krull 1. Validation, Qualification, or Verificationa1.C-GC North

America 2005 1023(10):11001109.

[394] Winn L.G., Gopalakrishnan BAkladios M, Premkumar R. Exgrt systems what
SH&E managers need to know about software verification and validation.

Professional Safety 2008014:45.

[395] O'Keefe R, O'Leary D. Expert system verification and validation: a survey and

tutorial. Artificial IntelligentRevew 1993 0201; 7(1): 3-42.

[396] Miranda P, Isaias B, Crisostomo M. Expert Systems Evaluation PropdeaSmith

M., Salvendy G editors. : Springer Berlin Heidelberg; 2007. p-19%.

450



[397]

[398]

[399]

[400]

[401]

[402]

[403]

Davis ED. Perceived Usefulness, Perceived Ease of Use, and User &uoe pff

Information Technology. MIS Quarterly 1989 Sef8(3): 319-340.

Gao Y, Liu Y., Wang C, Li X., Ou G. Design and Evaluation of a High Performance
Distributed Expert System (HPDES) for Aerospace Ground Verification System.

Procedia Computerci&nce 20129(0): 13801389.

Garibaldi M., Westgate .A\., Ifeachor EC. The evaluation of an expert system for
the analysis of umbilical cord blopAirtificial Intelligencein Medicine 1999

10:17(2):109130.

Grogono B, PreeceA, Shinghal R, Suen Cy. A survey of evaluation techniques
used for expert systemst@ecommunications. Expert Systems wAjbplications

1992;5(3i 4): 395401,

The handbook of applied expert systems. Boca Raton, FL: CRC Press; 1998.

LiebowitzJ. Useful aproach for evaluating expert systemagpert Systms1986;

3(2): 86-96.

Liker JK., Sindi AA. User acceptance of expert systems: a test of the theory of
reasoned actionodirnal ofEngneering andrechnobgy Managenent1997 6;14(2):

147-173.

451



[404] Mahmood MA., Gowan MA., Wang S. Developing a prototype job evaluation
expert system: A compensation management application. Information & Management

1995 7;29(1):9-28.

[405] Nathwani BN., Clarke K, Lincoln T., Berard C, Taylor C, Ng K. Evaluatiorof an
expert system on lymph node patholpgymanPathobgy 1997 9;28(9): 1097

1110.

[406] Nohr C. The evaluatin of expert diagnostic systent$ow to assess outcomes and

guality parameters? Artif Intell Med 1994 Af(2): 123-135.

[407] Petrie H, Bevan N. The evaluation of accessibility, usability and user experjémce
Stepanidis C editor. The Universal Access Handbook United Kingdom: CRC Press;

2009. p. 130.

[408] Wall R.S., Apon AW., Beal J, Gately MT., Oren LG. An evaluation of commercial

expert system building toglBata& KnowledgeEngneering1985;1(4): 279-304.

[409] Zahedi F. A method for quantitative evaluation of expert systBEmmpeanlournal

of OpetionalRewarch1990 9/548(1):136-147.

[410] Cascante IP,, Plaisent M, Maguiraga L, Bernard P. The Impact of Expert Decision
Support Systems on the Performance of New Employefesmation Resources

Management Journal (IRMJ) 2001%5(4):64-78.

452



[411]

[412]

[413]

[414]

[415]

[416]

[417]

[418]

Grier A.S,, Hsiao RC. A decision support expert system for correction of

marufacturing process problems. 1990:39%3.

Berry D.C., Hart AE. Evaluating expert systentsxpert Systms1990;7(4): 199

207.

Preece AD. Towards a methodology for evalun} expert system&Expert Systems

1990:7(4): 215-223.

Wyatt J.Evaluating Medical Expert SystemVhat To Test And HowMedical

Informatics 199015(3): 205.

Grogono P, Batarekh A Preece A Shinghal R Suen C. Expert system evaluation

techniques: a selected bibliography. Expert &yst1991;8(4): 227-239.

Ashrafi N.,, Kuilboer J, Wagner M. Expert systems reliability: A life cycle

approab. Information & Management 196; 28(6):405414.

Carney DJ., Wallnau KC. A basis for evaluation of commercial software

Information and Software Techngjp 1998 /12/1/40(14):851-860.

Mohammadi J Longinow A, Williams T.A. Evaluation of system reliability using

expert opinionsStrucural Sakety 19912; 9(3): 227-241.

453



[419]

[420]

[421]

[422]

[423]

[424]

[425]

[426]

Rawicz AH., Girling D. Application of expert systems to systems religbil

evaluation Microelectronics Reliability; Reltaility: A Competitive Edge 1995;

1995:35(9): 1309-1320.

Rees R.. User Evaluation of Expert Systemsdustrial Management & Data

Systems1992;92(6).

Vlahavas |, Stamelos.] Refanidis I, Tsoukias A. ESSE: an expert system for

software evaluation. Knowledggased Sy&ms1999 /8;12(4):183-197.

Stamelos.| Vlahavas | Refanidis |, TsoukidsA. Knowledge based evaluation of

software systems: a case study. Infororatnd Softward@echnology 200@/1/;

42(5):333-345.

Steenbergen NR., Marks G.Evaluating expert judgment&uropeanlournal of

Political Research2007;46(3):347-366.

Likert scale Available at: http://en.wikipedia.org/wiki/Likert_scale.

Powell T.E. Wording for rating scale2009; Available at:

http://lwww.uwex.edu/ces/4h/evaluation/documents/wordingforratingscales.pdf.

Berk AR. The Secrettthei Be st 0

Faculty Development 201Q@4(1):3739.

Ratings

f r oJournalrofy

454

Eval u:



[427]

[428]

[429]

[430]

Friedman H, Hershey, AT. Rating The Rating Scalge3ournal of Marketing

Management 1999:3:114-123.

Best Practices for Constructing Quantitative Rating Scales that Minimize Scale Use

Bias. Available at: http://marcresearch.com/scaledevbestprdc.h

Use a Word/Number-fio-5 Rating Scale. Available at:

http://www.versagivoice.com/Business/one%20to%20five%20rating.htm.

Lossifov P, Bauer G. Good Practice: Suggestions for Development and Analysis of
Course Evaluations. 2005; Available at:

http://www.udel.edu/itwebdev/help/courseevals/crs€/BEguide.pdf.

455



APPENDICES

456



Appendix 1. Main sheep breeds in wool fibers today

(Note: * Conservation Breeds, ** Critical Conservation Breeds)

Family Breeds Types/ Strains Picture

Dalesbred* -

Derbyshire Gritstone -

Blackfaced Lonk* i
Mountain
Rough Fell* -
Scottish Blackface Lanark
(Blackfaced Highland, | Northumberland
Kerry, Linton, Scottish
Mountain, Scottish Perth
Highland, Scotch NewtonStewart

Blackface, Scotch Horn)

457



Family Breeds Types/ Strains Picture
Swaledale -
Cheviot -
Cheviot Brecknock Hill Cheviot -
North Country Cheviot -
Dorset Horn* -
Dorset
group

Polled Dorset
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