
ABSTRACT 

SAWATWARAKUL, WEETHIMA . A Diagnostic Expert System for the Dyeing of Protein 

Fibers. (Under the direction of Dr. Renzo Shamey). 

 

Coloration of protein fibers is a very complex domain. There are many variables that 

can affect the outcome of dyeings. 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. In the era of energy saving, water saving and eco-friendly processing it is tough 

to maintain the high expected quality of products and reduce the cost of the process. While 

quality 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 this research is to develop a knowledge-based 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 development of the 

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 using human experts. 

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 of 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 (Dexpert-PT) 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. The system allows 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 the problems, and when making decisions for 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 interest in most 

natural fibers has gradually declined. However, the usage variability, renewable resources 

[1], sustainable potentials, and recognizable excellent physical properties of natural fibers, 

are among the important factors that successfully prevented synthetic fibers from becoming a 

monopoly in fibers nowadays [2].  

Natural fibers can be divided generally into three categories: plant fibers (such as 

cotton, flax, etc.), animal fibers (such as silk, wool, mohair, cashmere, etc.), and mineral 

fibers (such as asbestos, etc.). Animal fibers are mostly composed of amino acid residues or 

proteins, hence they may also be called ñprotein fibersò. Natural protein fibers have two 

major classes, which are keratin (hair or fur) and secreted (insect) fibers. The two dominant 

protein textile fibers are wool (derived from sheep) and silk (excreted by various moth larvae 

such as Bombyx mori) [3,4]. Silk is considered to be one of the most ancient fibers used in 

the textile industry [2,5,6]. 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 Europe [8-10]. The oldest 

wool textiles found in Denmark date back to 1500 B.C. [5]. Acclaimed the ñQueen of 

Fibersò, silk boasts a fascinating heritage, its origins embroidered in a wealth of history and 

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  
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bringing East and West into contact [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 into the language as a descriptive word implying admirable qualities [14,15]. 

The quantity of protein fibers produced each year may not be large compared to the 

worldôs total textile fiber production quantities. Nonetheless, their fineness and softness have 

secured them a firm place in the niche market of luxury apparel and furnishing fabrics [16]. 

However, the interest in the scientific community pertaining to research on protein fibers has 

been decreasing significantly over the recent years, while the study of synthetic polymers has 

advanced tremendously [2]. Therefore, regrettably, a lack of up to date literature pertaining to 

the coloration of protein fibers, and especially on the subject of the recommended solutions 

and procedures to overcome the associated problems, is apparent. Most of the current 

research on protein fibers is related to the development and application of new finishes [17-

19], some new dye types [20-24], and protein fiber based biomaterials [25-27].  

Coloration of protein fibers is characterized by many variables, each with a different 

effect on the final product [28]. 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. 

Trouble-shooters with 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  
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the defects can only be analyzed by a special laboratory set up for this purpose under 

qualified personnel, and using special equipment. Good troubleshooting analysis requires a 

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 industry, 

human expertise in the specialized area of coloration is becoming 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 development and application 

of expert systems to fulfill the need for specialized expertise in the industry. An expert 

system is an artificial intelligence based program, which can be used to solve complex 

problems in many fields [29], and as such this domain of knowledge has received a 

significant amount of attention in recent years. The benefits of computer-based diagnostic 

systems have become evident in the last few decades and the field remains an active area of 

research. Recent developments in knowledge-based expert systems allow users to 

conveniently interrogate a computer program as if it were a human expert. These facts, 

together with the disadvantages associated with the use and availability of human experts, 

have motivated our group to develop expert systems and test their utility for troubleshooting 

problems in the coloration of textiles [30,31].  
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1.2 The aim of the research 

The aim of this research is to develop a knowledge-based 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 knowledge from published literatures. 

The system implemented in this dissertation is a rule-based system using the 

wxFuzzyCLIPS program. It is a fuzzy version of C Language Integrated Production System, 

which is a tool developed by NASA to create expert systems [30,31]. By integrating different 

modules into the system, it can provide the ability to diagnose problems in the dyeing of 

protein fibers in various forms by all commonly used types of colorants and methods. The 

system 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. The system is expected to also be 

of 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 in how to make 

decisions for any necessary actions. 

1.3 Research method 

The research is to be conducted using various primary and secondary sources 

available; to gather information on all possible variables that result in dyeing faults in the  
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coloration of protein fibers; to create a database for the program, and to design a program for 

this purpose and analyze the outcomes. The knowledge base for this expert system will be 

based on information obtained from field experts as well as secondary sources such as books, 

journals, and conference papers, as well as theses written by various researchers around the 

world. Human experts will be utilized to obtain opinion and advice on resolution of common 

dyeing faults in industry, and determine certainty factors for all variables that may cause 

problems. The database will then be coded in wxFuzzyClips and, once complete, the system 

will be debugged, tested and evaluated using hypothetical and case based issues. Finally the 

performance of the expert system will be verified and compared to that of selected human 

experts. 
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CHAPTER 2 PROTEIN FIBERS 

2.1 Introduction  

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

manufactured fibers. Fibers are generally classified based on the source of origin and 

chemical composition as their physical and chemical properties differ largely among 

different origins [3,32]. The variety of natural fibers is tremendous and includes plant, 

animal, or mineral sources [33-35]. The main focus of this study is animal or the so called 

ñproteinò fibers, the classification of this fiber class is shown in Figure 2.1. 

 

 Animal 

fibers

Keratin fibers
Secreted 

fibers

Bovine Camel family Goat family
Angora 

rabbit
Sheep (wool)

Musk ox

Yak
Camel Llama

Alpaca

Guanaco

Llama

Vicuña

Angora goat (mohair)

Cashmere goat (cashmere)

Silkworm

Spider

(silk)

 

Figure 2.1. Classification 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, length, strength, color 

and hand, luster, bulk, presence of impurities, and level of felting [36]. An example of end 

uses based on fiber diameter is as shown in Figure 2.2 [36]. 

 

 

Figure 2.2. A general indication of the end uses of wool based on fiber diameter (ɛm), 

redrawn based on [36]. 

 

Wool is a globally traded commodity and its market diversity is vast and expanding 

including sections such as fashion, active wear, flooring and interiors, aviation, architecture, 

manufacturing, medical use, and protective apparel etc. as shown in Figure 2.3  [37]. 
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Figure 2.3. Wool usages in the textile world. 

 

The wool industry produces around 2.1 million tons of greasy wool per year [37]. 

However, wool and silk make up less than 2% of the worldôs textile fibers production [38]. 

Even though, animal fibers are insignificant in terms of production volumes, nevertheless 

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



 

9 

the market. Wool is produced on several million small holdings and commercial farms 

worldwide. Retail sales of wool amount to $80 billion of 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 throughout its many processing 

stages. In terms of demand, protein fiber production was boosted by 1.7% in 2011 after three 

years of declines, mohair production is estimated to have increased the most after a 

significant drop in 2010 and cashmere production also increased a little. Economically, sheep 

is an ideal fiber source for industry, producing minimal waste, providing milk in some 

cultures and more-generally, meat as well as wool [37]. 

The International Wool Textile Organization (IWTO) classifies all animal fibers 

which are similar to the fibers obtained from sheep (e.g. goat, rabbit, camel family, and 

bovines) as ñwoolò for labeling purpose [39]. Therefore, in this research wool refers to all 

keratin fibers produced by various animals, and not just sheep.  

2.2 Types of protein fibers 

2.2.1 Keratin (hair or fur) fibers: Wool  

From a commercial standpoint although wool from sheep is by far the most important 

type of fiber derived from 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  
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chemistry, structure, and morphology [40]. Their elemental analysis shows fairly similar 

percentages of Carbon (50 wt%), Oxygen (22-25 wt%), Nitrogen (16-17 wt%), Hydrogen (7 

wt%), and Sulfur (3-5 wt%) regardless of the source [40]. The high sulfur content in wool 

comes from the high cysteine content of these fibers. The total ash content of keratin fibers 

ranges from 0.3-0.9% and the most frequent trace metals found are; calcium (Ca), cadmium 

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

(As), and silicon (Si) [36,37,40-44]. 

Wool fiber consists of two parts;  

(a) The follicle: located below the surface of the sheep skin which produces the fiber 

material; and 

(b) The shaft: growing from the follicle and composed mainly of the fibrous protein Ŭ-

keratin. 

The fibers can be categorized in terms of zone as shown in Figure 2.4 [45]. 
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Figure 2.4. The follicle and the shaft of a hair. 

 

Different zones shown in are defined below. 

Zone1: Bulb zone (responsible for proliferation and differentiation); 

Zone2: Elongation (responsible for fibril formation); 
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Zone3: Pre-keratinization (lateral aggregation); 

Zone4: Hardening (keratinization); and 

Zone5: Post-hardening (hard keratin). 

The rate of fiber shaft production is around 1 centimeter per month 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 animal; for example the quantity of clean wool 

fiber from most sheep breeds is around 1 kilogram, while it is around 4 kilograms from the 

Australian Merino annually. The diameter of the fiber is also genetically determined, 

although this can also be slightly affected by weather and food. Consequently, wool fiber 

diameters can range from 11 ɛm (fine Australian Merino) to 100 ɛm (sheep of northern 

hemisphere) respectively [37] . 

2.2.1.1 Composition of wool 

The raw wool fleece may contain 30-70% of impurities, such as grease, dirt, suint, 

and vegetable matter [40,44] depending on the fineness of the wool fibers. An average fleece 

composition for the Australian Merino and cross-bred fleeces is shown in Table 2.1 [37]. 
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Table 2.1. Average composition (%) of raw wool. 

Wool type 

Grease and 

suint 

Sand and dirt 

Vegetable 

matter 

Fiber 

Merino (<25 ɛm) 15-30 5-40 0.5-10 30-60 

Crossbred (25-33 ɛm) 15-30 5-20 1-5 40-65 

Longwool (>33 ɛm) 5-15 5-10 0-2 60-75 

 

Dirt adheres to wool fibers by the adhesive action of the wool grease and falls away 

when the latter is removed during scouring [3]. 

Suint is a complex mixture derived from sweat of the animal. It contains potassium 

salts, organic acids, and amino acids are also detected. These are soluble in water and can be 

isolated from raw wool by aqueous extraction [3]. 

Wool wax or wool grease is not a fat, but a wax, because all true fats are derivatives 

of glycerol whereas wool wax is derived from fatty acids and a complex monohydric alcohol, 

cholesterol (C27H45OH), or its isomer iso-cholesterol. Wool grease is a yellowish waxy 

substance soluble in organic solvents and is difficult to saponify. When heated for a long 

time with alcoholic potassium hydroxide or a solution of potassium hydroxide in glycerol, 

however, it splits up into cholesterol and the potassium salt of the fatty acids. Wool wax 

retains its creamy consistency even when mixed with an approximately equal quantity of 

water. Lanolin, which is widely used in cosmetic preparation, is a mixture of purified wool 

wax with 20% water [3]. 
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Vegetable Matters such as thorns or seed coats, which sheep picks up during grazing 

can also be present. These impurities can be removed by a strong sulfuric acid treatment 

called carbonization [3]. 

2.2.1.2 Morphological structure of wool 

Under the microscope, the wool fiber appears as a solid rod with its surface covered 

with scales. The scales project slightly from the stem of the 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 known as medulla (in coarse wool only). Each of these is further 

subdivided by tissue differentiation as shown in Figure 2.5 [45]. 

 

 

Figure 2.5. The structure of a merino wool fiber. 
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The cuticle is formed of four layers; the outermost is the epicuticle, a thin, water-

repellent membrane, then come the a-layer, the exocuticle, and the endocuticle [45]. The 

epicuticle has tiny pores which enable water to penetrate into the internal structure of the 

fiber. The cuticular cells overlap and protrude for about one-third of their length, their 

outermost ends being directed towards the tip of the fiber [4,40]. This arrangement of cuticle 

cells on the fiber surface creates directional 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 

component is called ñF-layerò, and the major component of that layer is a C21 fatty 

compound, 18-methyl-eicosanoic acid, containing a branched chain, covalently bound to the 

epicuticle via a thioester bond and it is mainly located in the cuticle. The thickness of the 

lipid layer on the fiber surface is approximately 0.9 nm [47]. 

The cortex is the cellular portion inside the cuticular cell layers and it contains 

cortical cells, each of which surrounded by the remains of the cell membrane complex. The 

cortical cells are 100-200 ɛm in length and 2-5 ɛm wide [40]. The fiber is composed of 90% 

cortical cells which may be any of three types, ortho-, para-, or meso- cortical cells [37]. The 

tensile strength, elastic properties, and the natural color of wool are determined mainly by the 

nature of the cortical cells [4,40]. 

The medulla is a hollow space in the center running along the length of the fiber 

which is found in many coarse wools. It may be empty or made up of a different type of cell.  
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The medulla is absent in fine wools [40]. 

2.2.1.3 Chemical structure of wool 

The fiber is composed of protein ñkeratinò which is a complex polymer with an 

empirical formula C72H112N18O12S. Keratin is a large molecule composed of a variety of a-

amino acids with the general formula shown in Figure 2.6 [48]. 

 

Figure 2.6. General structure of a-amino acid. 

 

For wool, the hydrolysis of peptide bonds yields 20 common natural Ŭïamino acids 

as shown in Table 2.2 [37]. 
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Table 2.2. The 20 common natural Ŭ-amino acids found in Ŭ-keratin fibers. 

Group Name Side chain, R 

Molar 

percentage (%) 

ñAcidicò amino 

acids and their ɤ-

amides 

Aspartic acid -CH2-COOH 6.6* 

Glutamic acid -(CH2)2-COOH 11.9* 

ñBasicò amino acids 

and tryptophan 

Arginine -(CH2)3-NH-C(NH2)=NH 6.9 

Lysine -(CH2)4-NH2 2.8 

Histidine 

 

0.8 

Tryptophan 

 

0.5 

Amino acids with 

hydroxyl groups in 

the side chain 

Serine -CH2-OH 10.5 

Threonine -(CH)2-OH 6.3 

Tyrosine -CH2-C6H4-OH 3.7 

Sulfur containing 

amino acids 

Cysteine -CH2-SH 

10.0 Thiocysteine -(CH)2-S-SH 

Cystine -CH2-S-S-CH2- 
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Table 2.2 (continued) 

Group Name Side chain, R 

Molar 

percentage (%) 

 Methionine -(CH2)2-S-CH3 0.4 

Amino acids 

without reactive 

groups in the side 

chain 

Glycine -H 8.2 

Alanine -CH3 5.4 

Valine -CH(CH3)2 5.7 

Proline 
 

7.2 

Leucine -CH2-CH(CH3)2 7.7 

Isoleucine -CH(CH3)-CH2-CH3 3.1 

Phenylalanine -CH2-C6H5 2.8 

 

*The values for aspartic acid and glutamic acid include asparagine (-CH2-CONH2) and 

glutamine -(CH2)2-CONH2) residues, respectively, as asparagine and glutamine are converted 

into their corresponding acids during acid hydrolysis. 

The diagram shown in Figure 2.7 [49] shows how amino acids are joined through the 

amino and carboxyl groups to form peptide (-CO-NH-) linkages [35] to create a polypeptide 

chain [40]. R is the side chain which differentiates one amino acid from another as shown in 

Table 2.2. 
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Figure 2.7. Polypeptide chain structures. 

 

The nature and molecular weight of the side chains determine the physical and 

chemical properties of wool. These chains have a mean molecular weight of 60,000 [40]. In 

the unstressed state, the keratin polymer has a helical or spiral configuration, known as the Ŭ-

helix as shown in Figure 2.8 [50]. Two a-helices are joined together by hydrophobic bonds 

into a coiled-coil structure of 50 nm length [51,52]. A keratin polymer chain is about 140 nm 

long and about 1 nm thick [53]. In water, under the influence of applied external stress, the 

wool fiber will stretch and this will  straighten or unfold the keratin polymer chains. The 

fully-unfolded configuration of the keratin is known as ɓ-keratin. On removal of stress, the ɓ-

form will return to the original Ŭ-keratin structural form [3]. 
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Figure 2.8. A diagram of primary, secondary, tertiary, and quaternary structures in proteins. 

 

It must be remembered that all these amino acids are Ŭ-amino acids, represented as 

HN-CHR-CO-OH, the group ïR, in wool may be aliphatic, aromatic, hydrophilic, acidic, 

basic, heterocyclic, or sulfur containing groups. Because they contain both cationic and 

anionic groups, the fibers are amphoteric. They may be cationic due to the protonated side-

chain groups of arginine, lysine, and histidine, and the free N-terminal amino groups. 

Anionic groups are present in the form of dissociated side groups of aspartic and glutamic 

acid residues and C-terminal carboxyl end groups [1,3]. 

Linkages and bonds in wool include the following: 

(a) Hydrogen bonds 

In the helical structure, hydrogen bonds are formed between carbonyl and secondary  
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amino groups in adjacent turns of the coil. These bonds contribute to the strength and 

elasticity of wool and react with moisture [40]. 

(b) Salt linkage or bridge 

A sideway bridge exists between adjacent keratin molecules. Salt-links exist in the 

pH range of 4-8, 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 acid group to the amino group takes place. This is called ña salt linkageò 

between the two macro-molecules. This type of sideway link can be formed in the interior of 

the same chain as well. These salt linkages contribute to fiber strength and enable reactions 

with acids and dyes [40]. 

(c) Cystine linkage 

A unique feature of keratin is the existence of cystine linkage (-CH2-S-S-CH2-), 

sometimes referred to as disulfide bonds, between adjacent peptide chains. The cross-links 

tend to make the Ŭ-form rigid and increase the amount of work needed to stretch the a-

keratin in the fiber into the ɓ-configuration. The disulfide bond also has a profound effect 

upon the mechanical properties of the fiber. The disulfide bond is covalent and not very 

sensitive to pH, but there are a number of reagents, including water (especially in the form of 

steam), which can break it down [1]. The disulfide bond contributes to the fiber strength and 

lateral resistance, is heat-sensitive, and reacts with alkali, heat, bleaching agents, anti-felting 

agents, and moth-proofing agents [40]. 
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2.2.1.4 Types of wool and animal hair 

Animal hair fibers come from animals which mostly inhabit the inhospitable regions 

of mountains and tundra where a highly protective fleece or fur is essential for survival. 

Some of the animalsô habitats cover a range of altitudes and climates. Apart from the Angora 

rabbit, all these animals live in areas where the 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 developed hair 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 layer [40].  

The exceptions are the alpaca and the vicuña which, like many sheep, have an entire 

fleece made up of one kind of fiber only, similar to the undercoat in other animal fleeces. As 

the valuable part of the fleece is the down, in those fleeces where both guard and down hairs 

are present, the two types of fibers need to be separated by a process called ñdehairingò 

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 traditional woolen processing for the 

shorter fiber types or worsted processing for those with longer fibers [40].  

Animal hair fibers have smoother surfaces than the wool from sheep because the 

outer scales of the fibers are less pronounced and more widely spaced [54]. The crimp levels  
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are also usually lower and in some cases are better described as curliness or waviness. Fiber-

to-fiber friction in yarn preparation and spinning will, therefore be lower 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 processed and details are usually 

confidential to each of the companies concerned in processing. 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 diameter of 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 used [4]. 

All fibers mentioned above are keratin fibers, with chemical and physical 

compositions resembling those of wool from sheep. Therefore, dyeing techniques, machinery 

and dyestuffs are similar to those used for wool. However, as most other animal fibers have 

smoother surfaces than those 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 during wet-fabric finishing 

and this may require processing conditions to be modified. One major difference from wool 

is that some of these fibers are medullated to a greater or lesser degree and, in some cases, 

have microscopic air pockets within the fiber structure. This lightens the fiber and adds to its 

insulating properties [4]. 
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Bovine (Bos)  

Two main species of Bos are Musk-ox, shown in Figure 2.9 [55]  and Yak, shown in 

Figure 2.10 [56].  These are described in the following sections. 

¶ Musk-ox (Ovibos moschatus) 

 

 

Figure 2.9. Musk-ox (Ovibos moschatus).  

 

 Musk-ox are members of the Bovidae family, as are cattle and goats. Musk-ox is a 

large animal, with weights between 250-400 kilograms and varying between 1-2 meters in 

height. They live in the north of Canada and in Greenland. They were hunted almost to 

extinction and were saved only by being declared a protected species in 1917 [57]. The 

present population is estimated at 160,000 [16,58]. 
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Musk-ox has the two types of hair that are usual in mammals living in such cold 

conditions, fine under-hair or down, and coarse outer guard hairs. The native name for the 

down is qiviut, or quiviuk [16]. During the spring molt, the musk-ox loses down hair which 

falls off in large slabs 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 12.5 ɛm in a range of 17ï22 ɛm. The musk-ox 

down fibers are amongst the finest hair fibers and are comparatively smooth with low crimp. 

Fiber length is around 40ï70 millimeters. The scoured and dehaired fiber is light brown to 

chocolate brown in color. The fibers need to be dehaired before being machine spun and 

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 alpaca; if the product is to be 100% qiviut it is usually 

woolen spun. Annual qiviut production is very small even by óluxury fiberô standards, and is 

estimated at approximately 3,000 kilograms which is similar to that of guanaco which is 

around 5,000 kilograms [16]. 

¶ Yak (Bos (poephagus) grunniens) 

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

350 kilograms [16]. 
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Figure 2.10. Yak (Bos (poephagus) grunniens). 

 

Yaks live on the high slopes of the Himalayas from the snow line down to 

approximately 1,000 meters below that, and sometimes inhabit land up to 6,000 meters. 

There are both wild and domestic yaks. Similar to the case of musk-ox, yaks have a fleece 

with a long guard hair and fine down fibers towards the inside [16]. 

China is the major producer of the commercialized down fiber. The down is harvested 

by combing or pulling the fibers during the spring molting period. The calvesô down fibers 

are 40-50 millimeters long and between 15-17 ɛm in diameter, placing them in a similar class 

to the very fine and soft category of the guanaco, vicuña and musk-ox. The diameter of the 

adultsô hair is larger, between 18-20 ɛm and their length is from 30-35 millimeters. The 

down hair has no medulla. Yak hair is white, a characteristic which, amongst all animal 

fibers, makes it more valuable because it can be dyed to any shade [16]. 
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Camel (Camelid/Camelus)  

Five main species are described in the following sections. 

¶ Alpaca (Lama pacos) 

 The alpaca were domesticated in the altiplano some 6,000 years ago for their meat 

and for their fibers. Adult alpaca weights are around 65-80 kilograms and they grow to 

around 0.8-1.1 meters in height. They live for up to 20 years and are productive for about 10 

years [16,37]. 

Alpaca fleece is similar to the Angora goat and sheep. It has a complete fleece and 

does not produce both guard and down hairs. Their habitat is the Andean altiplano at altitudes 

of between 3,000-5,000 meters where temperatures vary from ï25°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 representing about 80 % of the total alpaca 

population and is shown in Figure 2.11 [61] 

-  Suri: This is a silky haired animal, with long fibers ï representing about 10% of the 

population and is shown in Figure 2.12 [62]. 

-  Huarizo: This breed may be described as a ómuleô, and it is the result of a crossing 

between a male llama and a female alpaca.   
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-  Misti: This is also a type of ómuleô, the result of a crossing between a male alpaca and a 

female llama. 

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

 

 

Figure 2.11. Alpaca Huacaya (or Huacayo). 

 

 

Figure 2.12. 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 20-36 ɛm. Typical fiber lengths after shearing are as follows: 

Huacaya 25-30 centimeters, Suri 50-55 millimeters, and Cria 20-25 millimeters [16]. 

¶ Bactrian camel (Camelus bactrianus) 

There are two types of camel: dromedary (one humped), and Bactrian (two humped), 

but Bactrian is the main source of camel hair used in textiles [16,60,63-65] and is shown in 

Figure 2.13 [66]. 

 

 

Figure 2.13. Bactrian camel (Camelus bactrianus). 
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When the camel molts, the hair can be obtained by combing, shearing (more 

commonly) and collecting of shed hair, resulting in a combination of coarse guard hair and 

fine down hair, which is referred to as raw (un-dehaired) camel hair. Raw camel hair contains 

approximately 75-85% fiber, 15-25% sand and dust, and 4-5% 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 saddle. The whole fleece weighs typically between 2.5-3.5 

kilograms, while in cold regions, the hair yield can be as high as 5.5 kilograms, with the 

average annual yield being about 4 kilograms [16]. 

The surface of camel fiber is covered by a layer of fine and irregularly shaped scales, 

having diagonal edges which are not very prominent. The fibers cross-sections are circular to 

oval, the cortical layer exhibiting regular striations due to strings of pigment granules which 

give the fiber its characteristic pale red-brown 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 camel yields a light fawn (tan) 

lustrous fleece mixed with coarser brown hairs. It has a double coat of hair, with the coarse 

guard hair, 30-120 ɛm in diameter and from 60-375 millimeters in length, and the fine down 

hair ranges of 10-30 ɛm, or even 40 ɛm (with an average of about 18 ɛm) in diameter and 

about 25-125 millimeters (typically 50 millimeters) in length, with 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 Russia [37]. 
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¶ Guanaco (Lama hunchus or Lama guanicoe) 

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 semi-captivity and shorn for its fleece [37]. An example is shown in Figure 2.14 [67]. 

 

 

 

Figure 2.14. Guanaco (or Huanaco). 

 

The Guanaco is indigenous to Southern Patagonia, both in Argentina and Chile. It is 

estimated that, in recent times, there were well over 600,000 animals in the world, (including 

around 500,000 in Argentina, 90,000 in Peru and 70,000 in Chile), mainly existing in small 

herds in Patagonia and the island Tierra del Fuego, with about 1% being bred in semi- 
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captivity. Guanaco, also known as ñHuanacoò in Peru, can survive at almost any altitude, 

from sea level in Tierra del Fuego to 4,500 meters above sea level along the Andes of 

Northern Chile, Peru, and Argentina, and almost every climate from semi-tropical to 

extremely-cold snow-capped glaciers. Fibers in the guanaco fleece are shorter, coarser (å 18-

24 ɛm) and lighter in color than that of the vicuña, weighs 750 grams to 1 kilogram and 

consists of two coats: a protective relatively coarse outercoat (Ó 50%) and a much finer (å 

16.5 ɛm) undercoat (Ò 50%). The guard hair is up to 45 ɛm (usually 23-35 ɛm) in diameter 

and up to 140 millimeters in length. The diameter of the undercoat ranges from about 13-19 

ɛm, the fiber diameter varying according to feeding conditions. Good animals achieve a 

mean fiber diameter of 14 ɛm while a young guanaco fleece can even be as fine as 13.3 ɛm, 

and 34 millimeters long, with a weight of 450 grams [37,68]. 

¶ Llama (Lama glama) 

The llama is similar in build to the alpaca but is larger, weighing around 110 

kilograms. An example is shown in Figure 2.15 [69].  
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Figure 2.15. Llama (Lama glama). 

 

Alpaca and llama are genetically very close, with the llama being domesticated the 

same way as the alpaca. Llamas are used to carry goods and are the main means of 

transportation in the mountainous areas of Bolivia and Peru. They are also used for their 

meat, their hides, their hair and their dried dung which is used as fuel. There are two types of 

llama [70];  

-  Kcara, a light-fleeced animal used mainly for meat 

-  Chaku, a heavy-fleeced animal used for its hair 
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Hair growth is normally between 70-100 millimeters/year, and fleeces weigh about 2ï

5 kilograms. The animals are usually shorn every two years. Fiber lengths range from 80-250 

millimeters and fiber diameters are in the range of 19ï38 ɛm. The llama fleece may be 

dehaired in Bolivia or in Europe [16]. 

¶ Vicuña (Vicugna vicugna) 

The vicuña is the smallest of the Camelids, with a shoulder height of about 90 cm and 

a weight of about 50 kg. An example is shown in Figure 2.16 [71]. 

 

 

Figure 2.16. Vicuña (Vicugna vicugna). 
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Its natural habitat lies in the semi-arid grasslands of the central Andes at altitudes of 

3,600ï5,000 meters on the snow line, an important factor affecting its fiber production, as it 

must survive average daytime temperatures of 20°C, dropping to -15°C at night. The animals 

have a life expectancy of about 20 years. Vicuña have been hunted and killed for their fleece 

for over 300 years, and this led to the near-extinction of the species [72]. In 1969, barely 

5,000 vicuñas were left. In 1972, the Peruvian government passed laws to forbid the use of 

vicuña hair and the hunting of the animals with the result that by 1999, there were 140,000 

vicuñas in Peru. In addition there are an estimated further 55,000 in northern Chile, Bolivia 

and Argentina [16,39,60,73-77]. 

Goat (Capra hircus)  

The three main species of goat are cashmere, angora and cashgora and these are 

briefly described in the following sections. 

¶ Cashmere (Capra hircus laniger) 

Cashmere is principally produced in northern China, Mongolia, Tibet, and 

Afghanistan. Smaller quantities are also produced in the Central Asian Republics, Iran, 

Australia, and New Zealand. The height of these goats is between 60ï80 cm. The male 

weighs on average 60 kg and the female 40 kg. Their average life span is about 7 years [16]. 

An example is shown in Figure 2.17 [78]. 
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Figure 2.17. Cashmere goat (Capra hircus laniger). 

 

The fleece is open, with long coarser outer hair and under hair or down. Each goat 

produces between 100-160 grams of usable down/year. This down is very fine (12.5ï19 ɛm), 

with an average length of 35ï50 mm. The fine down enables these goats to withstand the 

extreme winter cold of their original habitat, the plateau of Central Asia. They protect 

themselves from overheating in the summer by shedding their down in the spring [16]. 

The quality of the de-haired fleece is assessed by the fiber diameter, color and length, 

and the coarse hair content. Diameters are within the range of 14ï19 mm and the fiber  
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lengths measure from 150-450 mm. Chinese cashmere is considered to be the best quality, 

with a fiber diameter of 14ï16 ɛm, and predominantly white in color (compared with the 

standard of the Cashmere and Camel Hair Institute (CCMI) of the USA, which is 18.5 ɛm Ñ 

0.5 ɛm). Cashmere produced in Mongolia is generally slightly coarser than the Chinese fiber, 

its diameter being 16ï17.5 ɛm. Due to cross-breeding for increased yield, some Chinese 

cashmere fiber is now increasing in diameter, with consequent loss of quality. Cashmere 

from New Zealand and Australia is in the 16ï18.5 ɛm range, while that from Iran and 

Afghanistan is in the 16ï19.5 ɛm range [16]. 

¶ Angora (Capra hircus aegagrus): Mohair 

Mohair is the fiber from the Angora goat and is a near-relative of the Cashmere goat 

of Asia and of certain types of Himalayan goats. The Angora goat tends to thrive in areas of 

low rainfall and humidity [16]. An example is shown in Figure 2.18 [79]. 

 

 

Figure 2.18. Angora goat (Capra hircus aegagrus). 
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The Angora goat is regarded as being unique amongst goats, in that it grows fibers 

from its primary and secondary follicles that do not differ widely in diameter. The Angora 

goat, unlike other goats, can therefore be regarded as a single-coated 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 material for textile manufacture. 

Generally, mohair from young goats is finer than 30 ɛm (varying between 20-30 ɛm), while 

that from adult goats is generally coarser at 34 ɛm (varying from 27-34 ɛm) [16]. 

¶ Cashgora goat 

Today, only a little Cashgora fiber is produced commercially and this mainly in New 

Zealand and Australia. It comes from Cashgora goat [37]. Cashgora has been labeled the first 

new natural textile fiber of the last 100 years. The double coated Cashgora goat is a cross 

between a male Angora goat and a female down-bearing (cashmere-bearing) feral or 

Cashmere goat. The first crossing produces the finest fibers. It has been stated that Cashgora 

is normally produced in the first and second cross and can be regarded as similar to fine 

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

-  The top end (18.5 ɛm); marketed as ñLigne Orò 

-  The medium-quality range (20 ɛm); marketed as ñLigne Emerandeò 

-  The lower-quality range (just below 22 ɛm); marketed as ñLigne Saphirò 
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Dehaired Cashgora is then classified into three classes according to diameter namely; 

17-18.5 ɛm, 19.5-21 ɛm, and 22-23 ɛm. The down has a low to medium luster and is 

generally white, soft and delicate to the touch [37]. 

Rabbit 

¶ Angora rabbit (Oryctolagus cuniculus) 

An angora rabbit is raised solely for its fine and soft hair. An example is shown in 

Figure 2. 19 [80]. China is the principal producer and in that country the rabbits are farmed 

on a highly intensive small-scale factory farm system by individual farmers. Substantial 

quantities are also produced in France and smaller quantities in Eastern Europe and South 

America [16]. 

 

 

Figure 2.19. Angora rabbit (Oryctolagus cuniculus). 
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The Angora rabbit produces three kinds of hair; 

-  Guide hairs: 100-110 mm long, they guide and cover the growth of the other hairs. 

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

and seal it off. 

-  Down: 60 mm long, the diameter of 14 ɛm makes the down one of the finest animal 

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 fibers is an albino strain that 

produces white fibers only. The hairs are all medullated (hollow) which decreases their 

weight by nearly 20% when compared to wool fibers of similar diameter and also increases 

their insulating properties [16]. 

Sheep 

The recorded number of sheep and goat breeds around the world is about 1,400 and 

100 respectively. However, over one-third of these breeds are in danger of extinction, 

according to the United Nationsô Food and Agriculture Organization (FAO). The main sheep 

breeds that represent wool fibers nowadays are around 127 breeds [74,81-110]. In wool, the 

molecules are quite porous, therefore they can absorb up to 18-50% of their weight in water 

and a chemical reaction occurs from the moisture they take on to produce heat [60].  
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2.2.1.5 Differences between wool and animal hairs 

The fibers differ from one another in diameter and scale structure. In terms of the 

difference in the structure, cashmere fibers possess bilateral symmetry as in wool; however 

there are random cell arrangements as well [111]. The cortex of cashmere contains fewer 

ortho-cortical cells and far more meso-cortical cells, (and in some cases fewer para-cortical 

cells as well), than the cortex of sheep wool. In mohair fibers, the cortex consist of 

predominantly ortho- and meso- cortex, with < 10% para-cortex. Vicuña and guanaco fibers 

show bilateral structure in the cortex, whereas alpaca fibers do not. In camel fibers, the cortex 

consists of both bilateral and random cell arrangements. The only significant differences in 

the amino acid compositions are the content of cysteine and cysteic acid. Llama has higher 

levels of cystine residues than other fibers. The amounts of cysteic acid residues in cashmere 

and wool are less than other fibers, which may be attributed to continuing photo-oxidation of 

the fibers as they grow. However, the differences in amino acid composition cannot be 

exploited to identify the origin of the fibers or distinguish between them [35,112].  

2.2.2 Secreted (insect) fibers: Silk 

Silk possesses nearly all the desirable properties of a textile fiber, 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 webs [113]. Silk is produced by more than 30,000 

known species of spiders and most of the 110,000 species of the insect order ñLepidopteraò,  
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as well as members of several other insect orders [32]. Al though many insects can produce 

silk, only the filament produced by the mulberry silk moth, Bombyx mori, which is also 

commonly known as ñsilkwormò [3], and a few others in the same genus are used in the 

commercial silk industry. Secretions from other insects, mainly spiders, are used in small 

volumes in specialist applications for example, weapon and telescope cross-hairs, and other 

optical instruments [37]. 

There has been a significant interest in spider-silks over the recent decades especially 

that of the golden silk orb weavers, ñNaphila clavipesò a spider found in south-east USA 

which produces a yellowish-colored silk. A number of studies have been carried out in order 

to develop a methodology to regenerate silk with similar properties [114-117]. However, 

spider silk has not become commercial due to the very low production of the fiber. Spider-

silk is also very fine so that to produce one square yard of cloth would require the secretions 

from 400 spiders [118]. Some of the methods used to extract silk from spiders may be 

considered unethical, because to collect the silk, the spiders are sedated and a ñforced-

reelingò process is employed to collect the secretions [119]. In addition, spiders cannot be 

farmed because they are cannibals and will not survive in communities where they are in 

close proximity. Despite the difficulties mentioned, in 2012 a cape made from spider silk was 

exhibited at the Victoria and Albert museum in London [120] as shown in Figure 2.20 [121]. 

The work was completed in a period of 3 years using over one million spiders and involved 

23,000 extractions to create only one ounce of silk thread. 
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Figure 2.20. A cape made out of spider silk threads. 

 

In essence, the silk with which we are most-familiar consists of secretions of 

continuous filaments by protein-containing glands with which the larvae of different species 

of moths are equipped to spin their cocoons. Mulberry silk or cultivated silk obtained from 

Bombyx Mori moth shares about 95% of the worldwide silk production [32]; the óMoriô part 

of the cultivated silk mothôs name derives from the Latin for the Black Mulberry tree, óMorus 

Nigraô, the host on whose leaves the Bombyx Mori moth larvae feed Cultivation of the 

silkworm for silk production from its cocoons is known as sericulture. 
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2.2.2.1 Sericulture 

Based on their molting habits, silkworms are classified into (a) Trimolters (b) 

Tetramolters (c) Pentamolters, rarely Bimolters, and Hexamolters. Tetramolters are the one 

mainly reared for commercial purpose. The life cycle of the insect is about 50-55 days 

involving four metamorphoses namely egg, larva, pupa (in the cocoon), and (adult) moth. 

Depending on the climate and the species of the silkworm, several generations of silkworms 

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

The female moth lays 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 

silkworm will cast away its skin four times in a process called ñecdysisò (from Ancient 

Greek- óto take or strip offô). As the caterpillar voraciously eats mulberry leaves, it grows 

very quickly and its length increases about 30 times within 25-28 days. When it reaches 

maturity, the caterpillar stops eating and begins to spin the silk filament forming the cocoon. 

The caterpillarôs two silk glands, which lie close to the spinneret on its head, contain the 

fibroin in dissolved form which, on emerging through the spinneret into the air, becomes 

insoluble in water [123]; 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 required for the caterpillar to complete the spinning of the cocoon 

and form an elliptical enclosure around the caterpillar, and a further 3 days for the 

transformation of larva. Emergence of the moth takes about 14 days more. During the 

intervening period, the insect is killed to prevent the moth from cutting through the filaments 

as it emerges; this is done by immersing the cocoon in hot water. 

 

Figure 2.21. Silkworm life cycle. 
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Cocoon color may vary from white to a very bright golden-yellow; variation in the 

color of the cocoon can also be observed in the same lot. For better quality silk, the cocoons 

are to be sorted according to color. Similarly, the cocoon shape may vary from spherical to 

egg-shaped [16]. An example of various silk cocoon colors is shown in Figure 2.22 [124]. 

 

 

Figure 2.22. Varieties of silk cocoon colors. 

 

The silk is separated from the cocoon by the reeling process. The cocoons are 

ñstifledò, i.e. soaked in hot water (often at 110°C) for several hours and then placed in water 

in a steam-heated basin. By being turned regularly with brushes, the cocoons are kept 

submerged so that the silk gum softens. Five to ten filaments are then drawn together and are 

reeled as a single thread. The filaments of the cocoons pierced by moths as well as those of 

defective cocoons cannot be reeled, so óSpun Silksô rather than filaments silk are made from 

such cocoons by methods similar to the spinning of cotton fibers [16].  
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Silk is a very fine, regular, and translucent mono-filament fiber of high luster, 

softness and strength, and is highly-valued. The length of filament surrounding the silkworm 

itself is generally 0.5-2.0 kilometers. The cross sectional size of a single thread (brin) of 

Bombyx Mori silk may vary from about 12-30 ɛm, however, Indian Tussah is coarser at 65 

ɛm across [35]. The beauty and softness of silk's luster is largely due to the triangular cross-

section of the silk filament, because the silk filament is usually twisted about itself and the 

angle of light reflection changes continuously. Consequently, the beam of reflected light is 

broken, resulting in a softer, more subdued luster [16]. In attempts to imitate silk and create a 

silk-like luster, synthetic polymer filaments with trilobal cross-sections have been developed 

[37]. 

2.2.2.2 Morphological structure of silk 

Silk fibers are smooth-surfaced and triangular in cross-section with rounded corners. 

Natural silk is secreted by silkworms in the form of ñbaveò consisting of two separate 

continuous filaments, the brins, of the true silk fiber as shown in Figure 2.23 [125]. 

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

¶ ñFibroinò: each silk thread has two fibroin filaments, the brins embedded in a surrounding 

sheath of ñSericinò. 

¶ ñSericinò: also known as silk gum, amounts to about 20-30% based on the weight of Bave 

in case of mulberry silk, and 5-15% in case of wild silk  
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Figure 2.23. Structure of silk fiber. 

 

Silk fibroin has a highly-crystalline and well-aligned structure. The silk fiber exhibits 

good thermal-insulating properties [3], is normally stable up to 140°C and has a thermal 

decomposition temperature greater than 150°C. The densities of silk filaments are in the 

range of 1,320-1,400 kg/m3 for filaments with sericin present (raw silk) and 1,300-1,380 

kg/m3 for silk without sericin. The gum content and solubility vary according to the quality 

and origin of the silk. The gum contains fats and oils (around 0.5-1.0 %) and 1.0-1.4% 

natural pigments. The sericin is responsible for the harsher feel of raw silk; it can be 

dispersed and removed by hot soap solutions to which a mild alkali such as sodium carbonate 

may be added, if required [37].  
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2.2.2.3 Chemical structure of silk  

The silk fi lament is composed of fibroin protein chains arranged in a linear, pleated-

sheet structure with hydrogen bonding between the amide groups on adjacent protein chains. 

The chemical composition of raw silk in general comprises 75-80% fibroins, 17-25% sericin, 

1.5% waxes, and about 1% of other ingredients [126]. 

Fibroin is much simpler in composition than wool keratin being composed primarily 

of a small number of amino acids with side-groups such as glycine (about 40%), alanine 

(about 30%), serine (about 10-15%), tyrosine (about 5-10%), and Valine (2.5%). Sulfur-

containing amino acids like the cystine present in wool keratin, are absent in silk fibroin. In 

the absence of cross-links and with limited numbers of bulky side-groups in its component 

amino acids, silk fibroin molecules are able to align themselves parallel to each other and 

form hydrogen bonds at frequent and regular intervals between the protein chains, resulting 

in a highly-crystalline and oriented pleated-sheet structure [37,127]  as shown in Figure 2.24 

[128]. 
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Figure 2.24. ɓ-pleated sheets of silk fiber. 

 

Except for the phenylalanine and valine present in sericin, its hydrolysis otherwise 

yields the same amino acids as fibroin. The proportions, however, are different, with about 

double quantity of serine and much smaller amount of glycine, alanine and tyrosine than are 

present in fibroin with the overall effect being that silk gum is non-crystalline [3,126,129]. 

The amino acid composition varies between different types of silk [130], as shown in 

Table 2.3 [37]. 

Silks are considered semi-crystalline materials with different crystallinities depend on 

origin, e.g. 30-50% in spider silks, 62-65% in B. mori silkworm cocoons, and 50-63% in 

wild-type silkworm cocoons [37]. 
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Table 2.3. Main amino acids present in silk fibroin, mol%. 

Amino acid Structure of side chain (R) Bombyx mori Tussah 

Glycine -H 44.6 26.5 

Alanine -CH3 29.4 44.1 

Serine -CH2-OH 12.1 11.8 

Tyrosine -CH2-C6H4-OH 5.2 4.9 

Valine -CH(CH3)2 2.2 0.7 

 

In the ɓ-sheet crystals the polymer chain axis is parallel to the fiber axis. The 

polyalanine repeats or the glycine-alanine repeats are the major primary structure sequences 

responsible for the ɓ-sheet formation. The crystalline repeats are asymmetric with one 

surface projecting alanyl methyl groups and the other surface of the same sheet containing 

hydrogen atoms from the glycine residues. The fiber has a two-phase system consisting of 

crystalline and non-crystalline phases [37,131]. 

Sericin dissolves in acids below pH 2.5 and in alkalis above pH 9.5. In the raw state 

the silk filament has a matt appearance. On removing sericin, silk achieves its characteristic 

soft, elegant luster. Raw silk comes in many shades ranging from white to yellow and 

greenish to brownish. After ñdegummingò (the sericin-removal process), the fibroin may be 

white, off-white or creamy in 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 effects [132].  

For Mulberry silk varieties include:  

¶ Ecru silk where fat, waxes, and about 2-5% gum are removed; 

¶ Souple (supple) silk where 6-15% gum is removed; and 

¶ Cuite or boiled-off silk which is completely degummed. 

The fineness of silk yarns may vary considerably depending its type, origin, and 

number of filaments. Silk filaments are strong, with a moderate degree of recovery from 

deformation. Silk is soluble in hydrogen bond-breaking solvents such as aqueous lithium 

bromide, phosphoric acid, and cuprammonium hydroxide solutions [37].  

2.2.2.4 Types of silk 

There are two major types of silk of commercial importance, which are obtained from 

different species of silkworms. As silk production mainly comes from mulberry silkworms, 

other varieties of silks can also be termed as ñnon-mulberryò silks or ñwild silkò, due to the 

fact that they are obtained from silkworms that mostly live in the wild on bushes and trees, 

unlike most mulberry silkworms which are domesticated [12].  
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Mulberry or domesticated silkworm (B. mori) 

Mulberry (Bombyx mori L.) silkworms feed solely on the mulberry leaves. These 

silkworms are completely domesticated and reared indoors [37]. The silkworm is classified 

on the basis of place of origin, voltinism (the number of broods per year), and molting 

behavior [32], see below. 

¶ Place of origin 

-  India: These silkworms are aboriginal to India and South East Asia. The larval stage 

is longer and they are tolerant to 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: These silkworms are aboriginal to Japan. The cocoon is peanut-shaped. The 

cocoon color is usually white but some are green or yellow. The ratio of double cocoons is 

greater than for mulberry silkworms from elsewhere. The quality of silk filament is inferior, 

thick, and short. They are univoltine or bivoltine [32]. 

-  China: These silkworms are aboriginal to China. The larvae are tolerant to high 

temperature but have weak resistance to humidity. The larvae are very active, eat mulberry 

leaves voraciously, and grow quickly. The cocoon is elliptical or spherical in shape. The 

cocoon color is white, golden yellow, green, red, or beige. They are univoltine, bivoltine, and 

multivoltine [32]. 
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-  Europe: These silkworms are aboriginal in Europe and Central Asia. Larval duration 

is long and they actively eat mulberry leaves. They are weak at high temperatures and 

humidity. The cocoon size is big with a white color. The length of the filament is high and 

the proportion of double cocoons is low [32]. 

¶ Voltinism 

-  Univoltines: These races have only one generation in a year. The larval size is large 

and the cocoon weight, shell weight, shell ratio, and filament weight are also high. The 

filament quality is good [32]. 

-  Bivoltines: These races have two generations in a year. The silkworms are more 

uniform and strong. The cocoon weight, shell weight, shell ratio, and filament weight are less 

than the univoltines, but more than the multivoltines [32]. 

-  Multi or Polyvoltines: The life cycle of this race is short. They have many generations 

per year. The larvae are strong and can withstand high temperatures. The cocoon size is small 

and the cocoon weight, shell weight, shell ratio, and filament weight are the least among 

these three types. The filament quality however, is fine [32]. 

Non-mulberry or wild silkworm 

The important representatives of this type of silk moth belong mostly to the 

Antheraea or wild silkworm family [3,37]. 

¶ Indian Tussah or Tasar (Antheraea mylitta): These mainly thrive on the food-plants Asan 

and Arjun. They are mostly found in India but there are some in China. The cocoon of 
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Tussah moth is about four times as large, much harder and browner in color than those of 

mulberry silkworms [37]. 

¶ Oak Tussah (Antheraea proyeli J): These are a finer variety of tussah that feed on natural 

food-plants of oak found in India [37]. 

¶ Chinese Oak Tussah (Antheraea pernyi): This is another type of oak tussah which is 

mainly produced in China [32,37]. 

¶ Japanese Tussah (Antheraea yamamai): Another type of oak tussah is Japanese tussah 

which has a yellow-green colored silk. The ñtensanò silk moth has been cultivated in 

Japan for a long time. It produces a naturally white silk. It is now very rare and expensive 

[37]. 

¶ Muga (Antheraea assamensis): This refers to a golden-yellow colored silk from a semi-

domesticated multivoltine silkworm, native to the state of Assam in India. This silkworm 

feeds on som and soalu leaves and is reared on trees similar to tasar. It is either white or 

light brown in color [37].  

¶ Eri (Philosamia ricini): Also known as ñEndiò or ñErrandiò, this is a multivoltine silk 

spun from open ended cocoons, unlike other varieties of silk. This silkworm feeds mainly 

on castor leaves. Ericulture (waste-spinning method) is a household activity practiced 

mainly for the pupae, mostly found in India. It has a lighter natural color. It is harder and 

less lustrous than cultivated silk [37]. 
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2.3 Developments in sheep genetics 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) 

cost-effective, and sustainable. Rates of genetic improvement depend on four main aspects; 

¶ The selection intensity achieved; 

¶ The accuracy with which the genetic merit in the trait of interest is predicted; 

¶ The amount of genetic variation in the trait of interest; and 

¶ The generation interval. 

The breeding goals should include 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 predict merit in breeding goal traits. For example, understanding of the 

relationships between production traits and traits conferring resistance to harsh environments 

could help in the production of more sustainable breeding programs for hill sheep in these 

areas. Two types of new technologies which can have a major impact on rates of genetic 

improvement are reproductive and molecular technologies, but any new techniques such as 

these needs to have a favorable cost/benefit ratio in order to be widely adopted, not least 

because of growing public interest in methods of food production, particularly in the welfare 

of farmed animals leading to concerns about animal welfare or ethical implications of some 

of the reproductive and genetic technologies as well [134]. 
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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 

reach sexual 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, multiple 

ovulation, embryo recovery and embryo transfer, in vitro production of embryos, sexing of 

semen or embryos, and cloning. Each technique is briefly outlined and the potential 

applications are discussed in the following sections [134]. 

2.3.1.1 Artificial insemination (AI) 

The artificial insemination method may be used to enhance the reproductive rate of 

males. It allows much higher selection intensities and the desired number of progeny can be 

produced more rapidly than those with natural mating, so male generation intervals can be 

reduced. AI is an important tool for cattle and swine modern livestock breeding [135]. 

However for most sheep producers, it is not a viable option because the ovine cervix is 

relatively difficult to traverse with traditional AI tools. Therefore in the majority of cases, 

sheep are inseminated laparoscopically which is more complicated and expensive than non-

surgical AI [136]. In laparoscopic AI 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, as a rapid and economical alternative, to traverse the eweôs cervix and deposit thawed 

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 approximate cost of $1.29, making it 

significantly faster and less expensive than laparoscopic surgical insemination and it is easy 

enough for producers to do independently. However, the technique is less reliable than 

existing AI methods with a success rate of early tests about 55% when using fresh semen and 

about 10% when using frozen semen [135]. 

2.3.1.2 Multiple ovulation and embryo transfer (MOET) 

Multiple ovulation and embryo transfer is a technique by which a single female that 

usually produces only one or two offspring can produce a litter of offspring [137]. 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: 

¶ Within-breed genetic improvement programs; 

¶ The international trading of genetic material (offers potential advantages in economy, 

animal welfare, and disease control);  

¶ Accelerating breed substitution by multiplication of newly introduced breeds; 

¶ Conservation of genetic material 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 

AI in males. Female selection intensities can be increased, female 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 technique for dissemination of genetic 

improvement to commercial sectors of the livestock industries. 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 AI. However, MOET remains far more expensive than AI, and 

therefore it is less attractive as a means of dissemination [138]. Even though the economic 

cost of the technique causes a high price/benefit ratio that reduces its practical use, 

nevertheless, MOET 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 genetic gain 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 superovulatory treatment, 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 female. Study of the mechanisms underlying follicular development, 

luteal function and oocyte-embryo quality will ensure the improvement of yields obtained 

wi th  the app l i ca t ion  o f  i n  v i vo embryo product ion  techno logies  [134] . 
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2.3.1.3 In vitro production of embryos 

In vitro literally means ñin glassò, the main aim of developing these techniques in 

farm animals is to allow the use of the thousands of eggs present in the ovaries of female 

animals at birth, most of which never develop to the point of ovulation. Ovum Pick Up 

(OPU) is a reproductive biotechnology widely employed in several species but its use in 

small ruminants is still very limited. Anatomical constraints  of sheep makes the performed 

ovarian manipulation through the vagina difficult, and the use of pre-aspiration protocols that 

promote more effective control of follicular waves, consequently lead to an increased number 

of oocytes being recovered. Both the complexity of the 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 would have 

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 production [138]. Therefore, many 

aspects of numerous improvements in techniques that have been employed need to be 

improved, including; 

¶ The hormonal protocols for follicular aspiration; 

¶ Oocyte collection techniques [140]; and  

¶ In vitro procedures (maturation, fertilization, and culture until the time of embryo 

transfer) [141]. 
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2.3.1.4 Semen and embryo sexing 

The technique uses the fact that sperm bearing the X and Y chromosomes differ 

slightly in their DNA content. It is possible to detect these differences in size, and to sort 

sperm into two groups by using the technique called ñflow cytometryò. The process involves 

staining sperm with a fluorescent stain and using differences in fluorescence when the cells 

pass through a laser beam to identify and sort X- and Y- bearing sperm. This technique is 

slow, especially when high purity of sorted samples is required. Therefore, it can be used to 

sort only small quantities of semen, such as those required for in vitro fertilization. Several 

approaches have been taken to developing techniques for sexing embryos, based on 

removing a small number of cells from embryos at the 16-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 benefits and practicality 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 generation offspring 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 breeds [138]. 
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2.3.1.5 Embryo 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 halves (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 within. Each of 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 genotype in order to improve 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 dissemination programs. Cloning could allow the more 

effective use of non-additive genetic variation. Selection for quantitative traits within breeds 

attempts to identify animals with the highest additive genetic merit. Since the animals 

produced from the same cloned 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 retailers [138]. 

2.3.2 Molecular genetic technologies 

Most selection in livestock to date has been 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 cases, there is a fairly close association between the gene and its effects, 

although non-additive gene action (such as dominance) can cause difficulties in determining 

the true genotype of an animal. However, in most cases, for 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 to identify animals 

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 affecting the 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 selection and gene transfer. Each method is 

reviewed briefly in the following section [138]. 
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2.3.2.1 Developments in molecular and cell biology 

The existence and gross structure of chromosomes has been known since the early 

1900s, 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 DNA on 

chromosomes, and provide the molecular tools to assist conventional selection procedures, 

and to allow gene transfer. These advances include: 

¶ The discovery of restriction enzymes; 

¶ The development of techniques to separate and detect DNA fragments of different 

lengths; 

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

¶ The development and automation of techniques to determine the sequence of bases on 

short strands of DNA; 

¶ The development of DNA probes and labeling techniques; 

¶ The development of markers of variation at the DNA level [138]. 

2.3.2.2 Genome 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 genes are sequences of these bases which form the codes for the production  
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of proteins. However, functional genes account for only 10% 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 mammals are estimated 

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 priority in conservation 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 potential interest for gene transfer [138]. 

2.3.2.3 Use 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 animal size and 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 

tools, known as ñmolecular genetic markersò, are basically alternative segments of DNA at a 

particular site on a chromosome which are identifiable by means of a laboratory test. 

Molecular genetic markers are of value in: 
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¶ Checking the identity and parentage of animals; 

¶ Checking the origin of animal products; 

¶ Improving the understanding of evolution; 

¶ Leading the way to a fuller understanding of the structure and functions of genes, and 

their modification or transfer; 

¶ Finding an association between a particular molecular marker and an animal 

characteristic of interest without knowing which chromosome, or which part of a 

chromosome, the marker is located [138]. 

2.3.3 Genetic improvement of wool production 

Wool varies enormously among breeds in its characteristics and end use. Merino 

wools are relatively fine, soft, and white, and are primarily processed through the worsted 

manufacturing process to produce light-, medium- weight apparel fabric. Wools from the 

majority of British breeds and crosses with finer types are coarse, mainly white and 

processed through both the worsted and the woolen manufacturing systems to produce 

heavy-weight apparel, upholstery, and other interior textile fabrics. The carpet-type wools 

from specialty carpet-wool breeds are from óhairyô sheep breeds, which are generally coarse, 

medullated, and sometimes pigmented. This type of wool is most frequently used in floor 

coverings and other furnishing fabrics and fillings. The apparel-wool sector largely reflects 

the Merino and cross-bred 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 of raw wool is aimed at: 

¶ Increasing the production of fiber from a fixed resource to give a greater economic 

return; 

¶ Improving the quality of the fiber so that it can be processed into superior end-products, 

and create a higher unit value for the wool produced; 

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

¶ Identification of the appropriate traits that should be improved; 

¶ A precise knowledge of the genetic parameters (heritability and correlations); and 

¶ Evaluation of the selection strategies that will lead to the most cost-effective means for 

achieving progress in the breeding objective [142]. 

2.3.3.1 Traits of importance 

The transformation of raw wool into apparel products involves long processes. The 

process can be reduced to four major steps which include top-making, spinning, 

weaving/knitting, and garment manufacturing [142].  

¶ Top-making 

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

matter (VM) is also removed either physically by carding or combing the fibers, or, for high 

contents of VM, by chemical carbonization. If wool is to be used for apparel purposes, the  
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processed product is called ñtopò which is a thick loose rope of clean and aligned fibers. The 

success of top-making is determined by the yield of top, mean fiber length of the top (or 

hauteur), variations in hauteur, and removal of neps and contaminants. 

The raw wool characteristics that impact the top-making quality include the cleanness 

of the scoured yield, the staple length, and the likelihood of the fibers breaking during top-

making as determined by the strength of the fibers, and the position along the fibers that the 

breakage will occur. 

¶ 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 cross-section 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 lighter-weight fabrics, in response 

to consumer demands, and this in turn has increased the requirement and demand for finer 

fibers. Because the number of fibers in the cross-section along the yarn varies, a lower limit 

is established for the average number of fibers that can be included in the cross-section 

without causing unreasonable compromises in the strength and 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 the cross-section 

during the process.  
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¶ 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 processes before the product 

reaches the consumer. Late-stage 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 interfere with the success of the dyeing 

process.  

¶ Garment manufacture 

The end-product 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 appearance with wear. Over the last 10-15 years consumers have increased the demand 

for lighter-weight fabrics, improved softness and better fabric drape, and these necessitate the 

use of wools of finer diameter. Thus the average fiber diameter is the dominant characteristic 

at all stages of the processing chain. However, a wide range of other characteristics also 

influence the outcome of the production, as shown in Table 1.4 [142], although the number 

of traits and their importance decreases after top-making [142]. In Table 1.4, the number of * 

denote the increasing significance of raw wool characteristic on apparel processing. 
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Table 2.4. Influence of raw-wool characteristics on apparel processing. 

Raw-wool 

characteristics 

Scouring and 

top-making 

Spinning Weaving 

Garment 

manufacture 

Fiber diameter ***  *****  ***  ***  

Yield     

Wax, suint, and dirt ****  *  - - 

Vegetable matter *  *  - *  

Strength **  *  *  - 

Length ***  **  *  - 

Style **  *  - - 

Fiber crimp *  *  - - 

Color *  - - **  

Diameter variability - *  *  *  

 

 

2.3.3.2 Genetic 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. The task 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, adjustments for identifiable 

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 from Australian Merino populations. The 

models fitted to these data include factors such as age (yearling: to 12 months of age, hogget: 

13-20 months of age, adult), strain (fine, medium, broad), and method of analysis 

(dam/offspring, paternal half-sibling, animal-model restricted maximum likelihood - REML). 

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]. 

¶ 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 different from 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, birth date, 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 at both 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 most important 

correlation is the low to moderate positive correlation with fiber 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 the diameter. Selection for 

greasy-fleece weight is likely to lead to a slight reduction in both yield and staple strength, 

while selection for clean-fleece weight might be expected to result in modest increases in 

yield, a slight improvement in staple strength and an undesirable increase in dust penetration 

and deterioration in crimp definition [142].  

¶ Yield 

Although the production environment will directly influence the content of the non-

wool components of the fleece, the heritability of yield within a flock is very high (0.5). 

Selection for higher yield is likely to lead to modest improvements in clean-fleece weight, 

staple length, staple strength, and whiteness of wool. The genetic correlations suggest that an 

increase in yield would be a desirable outcome [142]. 

¶ 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 pattern of a high, 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; however, the genetic variations among animals in their fiber-diameter  
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correspond with age. This trait, termed diameter stability, has a heritability of 0.2-0.3 

(depending on the age interval involved), but appears poorly correlated with other production 

traits or potential 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 improved wool color and lower 

dust penetration. The strongest relationship with fiber diameter, both phenotypically and 

genetically, is that between reduced fiber diameter and increased follicle density (-0.6 to -0.7) 

[142]. 

¶ 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. 

¶ Staple strength 

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 indirect measure 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. This highlights 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 improve the staple strength of their progeny under less 

favorable commercial environments. A moderately positive genetic correlation between 

staple strength and fiber diameter suggests that retaining strength while reducing diameter or 

preventing upward drift in fiber diameter while selecting for increased staple strength may 

need particular attention [143]. 

¶ Staple length 

The heritability of the trait is high and genetic correlations with fleece weight would 

indicate that staple length will increase as a correlated 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]. 

¶ Color 

James et al [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 increased clean-fleece weight 

(largely through increased yield) and reduced fiber diameter are indicated by the parameters. 

¶ Style 

Information on genetic parameters for the components of style comes from subjective 

scores. Lax et al [145] studied the genetic analysis of objective measurements of style and 

relationships between young- and adult- animal assessments. They reported simultaneous 

assessment of five style components, each with a moderate heritability (0.2-0.35) and low to  
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moderate positive correlations among the components.  

¶ Fiber-diameter 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 association with staple strength [142]. 

2.3.3.3 Realized responses to selection 

Estimated genetic parameters provide a relatively precise prediction for expected 

responses to selection; however, it is population specific and relevant to one generation 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 would be effective, the secondary aims were to 

improve the understanding of wool and skin biology, and to investigate the physiological 

consequences of selection on production traits [142]. 

¶ Consequences of selection for fleece weight 

-  Direct responses to selection: the responses to selection in a number of experiments 

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

in a multi-trait objective shows that based on a heritability of 0.4 for hogget clean fleece  
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weight, the expected responses in all flocks were between 1.0-2.0% per year, accounting for 

variation in selection intensity (through population size and structure) and the number of 

traits in the objective [142]. 

-  Correlated responses to selection: the observed responses were generally expectations 

based on estimated genetic correlations. Response in fleece weight arose primarily from 

response in wool production per unit area of skin, reflecting positive genetic relationships 

between clean-fleece 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 between response in follicle density and fiber diameter within selected 

flocks [142].  

-  Effect on food intake and efficiency of wool production: comparisons of lines selected 

for high fleece weight, with either control or low fleece-weight 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 change 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. However, there is a 

difference of 10-15% in pasture intake between sheep selected for high and low fleece 

weight. Hamilton & Langlands [146] and Lee et al [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 weight [142]. 

-  Biochemical and physiological consequences of selection: selection 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 weight has led to a lower sulfur 

content of wool [148], due to a lower proportion of high-sulfur proteins [149]. The follicles 

of sheep from high-fleece-weight lines tend to be deeper in the 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 weight [150]. 

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 fiber [142]. 

¶ 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 fleece weight 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 clean-fleece weight;  

- selection on yield has produced substantial responses in yield, a negative genetic 

correlation with greasy-fleece weight and positive genetic correlations with both clean-fleece 

weight and staple length. Results involving follicle density and staple length provide some 

evidence of the non-linearity among the components of fleece weight. All responses in  
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density demonstrate asymmetry [142]. 

2.3.3.4 Breeding programs for improved fleece value 

The objective of the breeding program may be simply described as controlling 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 staple strength (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 expanded objective 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 result in little change in fleece weight response, 

reduced response in fiber diameter by up to 0.5 ɛm over 10 years, greater response (or lesser 

reduction) in staple strength, by about 2N ktex-1, although staple strength was still predicted 

to decline in indexes above 10% micron premium (MP), and consistent reduction in 

coefficient of variation of diameter across all MP [142]. 
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CHAPTER 3 PROBLEMS IN THE DYEING OF PROTEIN TEXTILE MATERIALS  

3.1 Overview 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 are well-known to dyers 

and processors. However, the passage of time has resulted in the introduction of new 

processes, methods, and machines to improve the productivity and quality of the fabric. In 

the era of energy saving, water saving and eco-friendly processing it is difficult to maintain 

the high expected quality of products and reduce the cost of the process. Thus it is essential 

to emphasize 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 is ñright first time and right every timeò [151]. Good dyeing quality 

can often be achieved by strictly adhering to process control parameters for each and every 

step of fabric processing. Protein fibers can be dyed in four forms; fiber (ñloose stockò or 

ñtopò dyeing), yarn (ñhankò or ñpackageò dyeing), fabric (ñpiece dyeingò), and in garment 

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 form [3,152]. 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 type of keratin fiber. 
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Figure 3.1. General textile manufacturing processes employed for keratin fibers. 

 

General steps of wool processing are described as follows [153]. Animals are first 

sheared, pulled, or collected during the molting season, however, for some animals ñskirtingò  
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is also needed. Skirting 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 sections for sheep, 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 process [36]. Scouring is the 

process of removing impurities 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 wools [154]. The cleaned 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 garments.  Worsted 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 are also stronger and more durable for an equivalent weave construction 

and fabric weight [155,156]. 
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The woolen system is used for shorter length wool fibers. Here wool is carded but not 

combed. The materials made from woolen-spun yarns tend to be thicker and garments made 

from such materials look bulkier than worsted wool fabrics in appearance. The end-products 

include sweaters, carpets, etc. [155]. 

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 out at the 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 fiber-liquor interchange 

require dyes with high migration properties (i.e. excellent levelness). For example, for hank 

dyeing in yarn form or piece dyeing in the winch, leveling acid dyes are used but these dyes 

tend to exhibit poor wet-fastness properties. For machines with excellent fiber-liquor 

interchange, for example in package dyeing and soft-flow jet machines for piece dyeing, dyes 

with lower migration rates are selected because they have good wet fastness properties. 

Continuous or semi-continuous processes are not common practice in wool dyeing [33,34]. 

3.1.1.1 Fiber 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 not dyed until after 

combing. Dyes selected for dyeing fibers must have good fastness to wet treatments because  
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the spun yarn from these fibers will need to undergo further processing, such as scouring, 

milling, or potting. Dyes with good wet fastness generally exhibit inferior leveling 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 minor non-uniformity is 

eliminated in carding or gilling steps which result in a thorough mixing of the dyed fibers. 

Shade matching is also easier to achieve in loose-fiber dyeing. Reasons to dye wool at this 

stage include production of large lots of yarn with good shade uniformity, mixing shades, 

high wet fastness 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 at an early 

stage in the manufacturing process, because of its disadvantage from the retailerôs point of 

view in responding to consumer preferences and from the perspective of just-in-time 

manufacturing [152]. 

3.1.1.2 Yarn 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, which is 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 or bi-conical and can slide inside each other). For hank dyeing, yarns must 
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first be wound into the hank form. Dyeing machines have ñsticksò (metal rods) across the top 

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 form, while 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 critical 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 multi-colored patterned products. 

Sometimes yarns are used to produce plain color woven fabrics, in which case uniformity 

becomes more important. The advantages of dyeing yarns include efficient spinning 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 feasible than in fiber dyeing 

[152,157]. 

3.1.1.3 Fabric dyeing 

Dyeing in fabric form minimizes the time between shade selection and retailing for 

woven goods. However, it is limited to the production 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 manufactured from piece dyed material will require fastness to dry cleaning 

only. Unlike fiber and yarn, fabric is dyed in machines where the material is circulated 

through the liquor. Traditional winch (or beck) dyeing machines are being replaced by 
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ñoverflowò and ñsoft flowò jet-dyeing machines where the fabric is fed over a winch reel and 

the two ends are sewn together. The jet forces dye liquor into the fabric rope during its 

passage around the machine and the driver reel circulates the fabric through the dye liquor. A 

time of 1.5-2 minutes for each revolution of fabric rope is normally regarded as adequate to 

produce a level dyeing [151,158]. 

3.1.1.4 Garment dyeing 

This is the most critical dyeing operation, but allows manufacturer 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 dyes of good 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 resist routines [152]. 
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Figure 3.2. General textile manufacturing process for secreted fibers (silk). 
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3.1.2 Silk wet processing 

In the case of silk, the general steps of dyeing are described as follows [159]. Silk 

cocoons are cooked in baths containing water for mulberry silk, and soap-sodium carbonate 

or enzyme for tussah and muga silk [160]. A number of silk filaments 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 such as spinning, 

knitting, and weaving, its removal is delayed until the completion of these processes which 

depends on the type of product [161]. However, for high quality silk fabrics the uneven 

structure of degummed fabric 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 resulting 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 peroxide [17,33,34]. 

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 that are easily absorbed by silk. Weighting 

increases the cost and makes the finished goods less-durable and more-sensitive 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 dyeing process is complicated because it involves consideration of fiber type, 

yarn or fabric structures, dyes, and chemical auxiliaries, as well as dye technology [162,163]. 

To achieve the required dyeing quality, all factors that may influence the dyeing process 

must be controlled [164]. A list of factors that influence the dyeing of protein fibers is shown 

in Table 3.1 [159]. 

Table 3.1. Factors influencing the dyeing process.  

Influence factor 

Fabric dyeing Yarn dyeing 

Batchwise Continuous 

(pad 

dyeing) 

Batchwise 

Overflow 

dyeing 

Jig 

dyeing 

Package 

dyeing 

Hank 

dyeing 

Fiber **  **  **  **  **  

Yarn type *  *  *  **  **  

Fabric structure **  **  **  - - 

Water quality **  **  **  **  **  

Yarn/fabric preparation **  **  **  **  **  

Dye selection **  **  **  **  **  

Temperature **  **  **  **  **  

Time **  **  **  **  **  
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Table 3.1 (continued) 

Influence factor 

Fabric dyeing Yarn dyeing 

Batchwise Continuous 

(pad 

dyeing) 

Batchwise 

Overflow 

dyeing 

Jig 

dyeing 

Package 

dyeing 

Hank 

dyeing 

pH **  **  **  **  **  

Fabric moving speed **  **  **  - - 

Load capacity **  **  *  **  **  

Liquor ratio **  *  - **  **  

Heating and cooling rate **  **  *  **  **  

Dosing of dyes and 

auxiliaries 

**  **  **  **  **  

Dye solution flow rate 

and circulation time 

**  **  *  **  **  

Pad pressure - - **  - - 

(Note 1: ** The most influential, * Less influential factors, and - No practical application) 

(Note 2: Jig dyeing is not normally used for the dyeing of wool fabrics but can be used for 

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

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 approaches to reducing 

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 substances, as shown in Table 

3.2 [165]; 

Table 3.2. Environmental loadings from the EU textiles industry (source: IPPC 2003 Data 

extrapolated from studies in Germany and Austria). 

Substances 

Environmental Load 

(tons/year) 

Salts 200,000-250,000 

Natural fiber impurities (including biocides) and 

associated material 

50,000-100,000 

Sizing agents 80,000-100,000 

Preparation agents (mainly mineral oils, ester oils) 25,000-30,000 

Surfactants 20,000-25,000 

Carboxylic acids (mainly acetic) 15,000-20,000 
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Table 3.2 (continued) 

Substances 

Environmental Load 

(tons/year) 

Thickeners 10,000-15,000 

Urea 5,000-10,000 

Complexing agents <5,000 

 

3.3.1 Fiber preparation 

Raw natural protein fibers require cleaning before entering the fabric production line 

and this process is most intensive for wool. Raw wool can contain 20-40% impurities in the 

form of wool grease (lanolin), dried perspiration (suint), dirt, and a significant loading of 

pesticides. Wool is commonly scoured in a process requiring large 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 recommended the use of an organic-solvent-based 

wool scouring technique (the Wooltech process) [166]. It is a process similar to dry-cleaning 

which incorporates the use of a solvent to extract and collect impurities by evaporating off 

the solvent in a collection vessel. The advantage of this process is the solventôs low specific 

heat capacity. However, volatile organic solvents are coming under close environmental  
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scrutiny; the solvent employed in the Wooltech process was trichloroethylene, which is a 

known carcinogen and although the process has been modified to incorporate alternative 

compounds such as tetrachloroethylene (also known as perchloroethylene), its toxicity is also 

under question [167,168]. Water-based scouring techniques employ 10-15 liters of water per 

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 particles [165]. 

During spinning, fibers 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 high-speed 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 known human carcinogens [165].  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 properties [165]. As oils are applied 

as aqueous preparations and are not generally water soluble, emulsifiers are required. The 

emulsifiers most-widely used were nonionic surfactants such as alcohol ethoxylates (AEOs) 

and alkyl phenol ethoxylates (APEOs); the nonylphenol ethoxylates (NPEOs) accounted for 

80% of the APEOs used and octylphenol ethoxylates (OPEOs) for the remaining 20% of 

such products, primarily for preparation and dyeing processes [169]. However, in 1998, the 

use of APEOs in detergents was forbidden in Germany, and their ban was followed by an EU 
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directive in January 2005, which restricted the use of NPEOs, in concentrations higher than 

0.1%, in detergent formulations. Despite the fact that production and supply is often from 

outside EU, where the use of NPEO is not restricted, several European companies have 

established more stringent requirements with respect to the use of NPEO and OPEOs [170]. 

Some eco-friendly substitutes include fatty alcohol-ethylene oxide adducts, and alkyl 

polyglycosides [171,172]. Small amounts of preservatives, such as bactericides and 

fungicides, are also added to protect the aqueous preparations from degradation during 

storage. Ester oils are biodegradable and easier to emulsify than mineral oils [165,172]. 

Weaving interlaces two or 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 weaving process and the number of warp yarn breakages [173]. 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. Recent advances 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 removal is 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 is relatively low; however, the large quantity of these, mostly benign  
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substances, burdens the environment. Exceptions are nonionic surfactants (alkyl phenol 

ethoxylates), borax, and biocides added to preparations [165]. An important factor to be 

considered in 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 treatment [169]. 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 similar conditions, linear alcohol 

ethoxylates degrade 100% [171]. 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 NPEOs [170]. 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). Natural impurities present 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 white fabrics. 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) employed [165,172].  

Singeing: the material is exposed to a gas flame to burn off protruding fibers that 

cause non-uniform dye uptake and inferior appearance. The process has a low environmental 

impact; however, dust and volatile organic compounds (VOCs) are produced [165,172]. 

Desizing: Removal of size is required for all woven fabrics prior to dyeing. The 

process depends upon the type of size applied. For water-insoluble sizes, such as starch and 

starch derivatives (with the exception of carboxymethyl cellulose - CMC), agents that 

degrade the size and render it water soluble are required. This is accomplished by employing 

either enzymes or oxidizing agents. For water-soluble sizing agents such as poly 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 composition or the nature 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 liquor by the ultra-filtration 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 fabric [165,172]. 

Scouring: Natural impurities such as wool grease, 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 with complexing 

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 wool [174], and a surfactant are 

generally used, although enzyme-based approaches are also available. Wool may also be 

scoured with organic solvents or aqueous solutions of detergents [175]. However, the use of 

mild alkaline aqueous scouring systems is preferred, with sodium carbonate employed as a 

builder to improve grease removal and prevent re-deposition. Lanolin from wool may be 

recovered as a by-product of the scouring process through saponification of wool grease at 

the boil in caustic alkali which takes several hours [175]. 

Carbonizing: Wool may contain impurities 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 concentrate the sulfuric acid in the burrs rather than in the wool). The 

carbonized impurities are then crushed between rollers to aid their removal. Wool-polyester 

blends are treated with gaseous hydrochloric acid (HCl) as the polymer is sensitive to sulfuric 

acid. In this form HCl presents a risk to the respiratory systems of workers [176]. 

Bleaching: Wool is sensitive to chlorine-based agents. Two chemical routes may be 

employed to achieve a whiter fabric and attack color 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 preceding 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 (H2O2) is currently the most common bleaching agent used [177]; in order to bleach 

wool to the highest achievable whiteness, a two-stage double (or full) bleaching is 

recommended. The compound requires the presence of an alkali and a stabilizer such as 

EDTA to generate 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 environment [178]. This has led to a 

background level of the compound being present in European waters [179]. There is a search 

for environmentally-benign alternatives which provide the same level of performance. Two 

available alternatives are ethylenediaminedisuccinate (EDDS) and iminodisuccinic acid 

(IDA). Both have very similar structure to EDTA, yet biodegrade rapidly. EDDS appears to 

slightly outperform IDA [180]. Reductive bleaching involves the use of sodium hydrosulfite 

as the bleaching agent. Though the bleaching of wool is uncommon, sodium hydrosulfite is 

used in a two stage process following the application of H2O2. This 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 is not a substance 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 recommended [47]. In the case of silk, bleaching, if 

required, is oxidative although reduction methods 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 conditions of bleaching for mulberry silk and wild silk are given in  
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Table 3.3 [42]. 

Table 3.3. Conditions for bleaching silk with hydrogen peroxide. 

Chemicals Mulberry silk Wild silk (Tussah, Muga, Eri) 

Hydrogen peroxide (35% by wt.) ml/L 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 3-4 

 

3.3.3 Dyeing 

A more detailed description of the dyeing process for protein fibers based on various 

dye classes is given in 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 of specifically-designed reactive dyes are used on wool and nylon. 

Lanasols (Huntsman) and Realan EHF (DyStar) appear to be the only ranges marketed 

specifically for wool [47]. The dyes contain chemical groups that are capable of covalently 

binding with amino, 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 problem with reactive dyes on cellulosic 

substrates; however, due to their high shade-reproducibility 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 either cationic dyes or a 

cationic polymer based preparation for the fabric alleviates the need for an electrolyte and 

reduces water consumption [182-184]. The fabric is repeatedly washed (after dyeing) with 

aqueous surfactants to remove excess/unfixed dyestuff [165]. 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 after-treating agent, and results in a more effective removal of unfixed dye at a 

lower pH (6.5 as against 9.5) [47]. 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 substrates. Auxiliaries 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 treatment is important, hydrophilic groups on the dye 

molecule are blocked resulting in reduced water solubility. Quaternary ammonium 

compounds with long hydrocarbon chains predominate; these form salt-like compounds with  
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the dye molecule. They are often toxic to aquatic organisms [165]. 

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 be taken-up by 

bacterial cells [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 rinse with dilute alkaline sodium  hydrosulfite solution may be needed to 

assist removal of lightly-held pigment from the fiber 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 particles leading to slight shade change, and 

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

Vat dyes are water insoluble therefore excess/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 processes [165]. 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 structures of acid dye molecules vary greatly and include some  
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metal complexes. Dyes are fixed to the protein fiber based on electrostatic 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. A wide range 

of surfactants are often used as leveling agents which may be nonionic, anionic, cationic or 

amphoteric. Commercially available products contain synergistic mixtures of different types 

of surfactants [177]. Recommendations pertaining to the type and nature of auxiliaries used 

for improved performance are given in sections 3.6.6. 

Chrome (mordant) dyes: The most common technique used is currently 

afterchroming. Chromium (VI) is nonessential and toxic [186], its compounds are corrosive 

and allergic skin reactions readily occur following exposure, independent of the dose. Short-

term exposure to high levels can result in ulceration through skin contact, perforations of 

respiratory surfaces through inhalation and irritation of the gastrointestinal tract through 

ingestion. Damage to the kidney and liver has also been reported [187]. The aquatic 

toxicology of chromium is also dependent upon type, with chromium (III) being far less 

biologically available and toxic than chromium (VI). Negative effects have been observed in 

aquatic organisms exposed to dissolved chromium (VI) at concentrations below 40ɛg/l. 

Furthermore, both chromium (III) and chromium (VI) have been shown to accumulate in 

many aquatic species, especially in bottom-feeding fish, bivalves, mussels and clams [188]. 
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Chromium levels in dye house effluent are related to industrial practice. Improper application 

of dichromate or incomplete reduction during dyeing could lead to the presence of chromium 

(VI) salts. As the compound is water soluble it is more likely to reach waterways than 

chromium (III) 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 reduction [165]. Low chrome and metal-complex 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 a wide and ever-growing range of finishes is now available. These either improve 

the properties of the garment, for example imparting crease-resistance or provide 

ñperformanceò properties, including antimicrobial agents to prevent sports and 

undergarments from 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]. 

3.3.4.1 Insect-resist treatments (moth-proofing) 

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. Insect-resist (IR) agents need to be applicable in many 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 carpets ï the main product area ï these fastness 

requirements are modest, but for those product areas where high fastness requirements exist 

(such as machine-washable wool), an excess of IR agent must be applied, in order to 

compensate for subsequent losses. Modern IR agents fall into two categories: 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 group presently available are anionic polychlorinated 

aromatic compounds. Members of the latter group are based on synthetic pyrethroid 

insecticides. It is probable that both classes of IR agent enter an insectôs system only through 

the digestive tract, since moth-proofed 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]. 

3.3.4.2 Flame-retardant treatments (flame-proofing) 

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 

further chemical treatment to enhance its flame retardance. 

Increasing the value and versatility of domestic wool would benefit the U.S. sheep  

 



 

104 

industry, which produces about 40 million pounds of raw wool per year. In addition, U.S. 

consumers, including the U.S. military and many law-enforcement agencies, are required to 

use domestic wool in their uniforms and equipment [189]. The ERRC has patented a heat-

resistant material that can be incorporated into woolen and other fabrics to match the flame 

resistance of commercial firefightersô uniforms, at the request of the U.S. military, as a 

means of offering U.S. troops protection against fire-related injuries. This is currently as one 

of the largest markets for domestic wool in the U.S. The biopolished wool, described in 

shrink-resist treatments section below, can be used to improve flame retardancy of the 

substrate by treatment with a heat-resistant, stable, easy to process, and highly temperature 

tolerant polymer. This avoids the use of heavy metal zirconium, used in some 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 show that the burning behavior of the 

polymer-treated wool compares to a 50/50 blend of wool and Nomex, which is the fabric 

currently used in protective fire-fighting gear [190,191]. 

One of the most successful methods has been to employ fluoro complexes of titanium 

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 after-treatment following dyeing. 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 60oC. Although the titanium complex is slightly more effective than its 
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zirconium counterpart, it tends to give slight yellowing. 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 treatment can also be beneficial if a fabric contains a synthetic fiber, 

has a shrink-resist finish or has to be neutralized [47,165]. 

3.3.4.3 Anti-setting agents 

Permanent setting is a factor leading to loss in wool fiber strength during dyeing. It is 

also the reason for surface marks such as ócrowsô feetô in piece dyeing and the source of 

reduced bulk or yarn leanness following package dyeing. Aside from these wholly negative 

effects, permanent setting can sometimes be seen as beneficial; examples include the setting 

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 involved in the production 

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 the elimination reaction; in practice, this 

can be achieved in two ways: 

(1) Inclusion of oxidants in the dyebath. 

(2) Inclusion of fiber-substantive electrophiles in the dyebath. 
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It is thus important to measure set following dyeing, and most of the published 

research in this area uses Kßpkeôs Crease Angle Method to achieve this. Typically, blank 

dyeings of wool fabric in pH 5 buffer for 1 hour at the boil, without anti-setting agent 

present, give set values of Ḑ70%, whereas including an effective anti-setting agent gives a set 

value of Ḑ30% [47,165].  

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

industry) 

A shrink resist treatment called ñbiopolishingò method that makes scratchy wool feel 

silky-smooth was developed by researchers at 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 involves two 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 reduction 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 machine-washable. The surface of a wool fiber is 

covered with microscopic scales, somewhat like the scales on a fish or overlapping tiles on a 

roof. Wool fabric shrinks during machine-washing because repeated agitation and 

compression causes the scales to slide over one another and become locked in place. The  
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enzyme treatment ñdigestsò the protein in the cuticular scales so they become smoother in 

overall profile and cannot become locked together. This controls shrinkage without loss of 

strength or elastic recovery. The same lipid layer that makes wool 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 troops. Underwear 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 self-extinguished and ash is dissipated. Licenses for the 

process have been filed by the ARS Office of Technology Transfer and mill trials are under 

way specifically to meet military needs [192].  

Another proposed method for wool shrink-resistant treatments is called ñSuperwashò 

wool. The term comes from a performance standard developed in the 1960s by the 

International Wool Secretariat. Wool was considered to be óSuperwashô if it could be 

machine-washed and flat-dried. The term is now applied to the process itself versus the 

performance of the resulting garments. Today the Superwash standard has been superseded 

by ñTotal Easy Care,ò indicating that a garment is machine washable and can be tumbled 

dried on low settings. Todayôs Superwash line generally consists of equipment designed to 

expose wool fibers to a mild chlorine solution for a very 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 smoothes the treated fiber which significantly reduces felting 
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shrinkage caused by the interlocking of woolôs scales. This allows for a comfortable, next-to-

skin product that does not shrink when washed and dried using normal laundry techniques. 

The process is applied 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, wool-based products. The military is one of the main market sectors for 

such products [193]. As Superwash wool is a ñchlorinationò type process which is not legal 

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 regulations. The biopolishing 

process uses less harsh chemicals, lower temperatures, and shorter processing times. Hence, 

it is a more environmentally friendly process and cheaper than Superwash wool [193].  

In general, however, chlorination treatments which prevent felting 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 most successful process for producing truly 

machine-washable wool is the chlorinationïresin system. It appears that the initial surface 

oxidation procedure, whether with chlorine or peroxy-based chemistry, is mainly responsible 

for imparting shrink resistance, but the effect at that stage will not withstand repeated 

washing and needs to be reinforced by after-treatment with polycations. Surface oxidation 

converts many of the cuticular disulphides to sulfonic acids (cysteic acid residues). These 

residues are highly water-attracting, 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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Chlorinationïresin 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 water-soluble, cationic polyamideïepichlorohydrin 

polymer that has substantivity for anionic surfaces such as those produced on chlorinating 

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 secondary amino residues in the 

polymer itself. Additionally, covalent bonding to the wool surface through reaction with 

cysteinyl thiol groups is likely [47]. 

3.3.4.5 Water-repellent 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 both oil and water. 

Short-chain fluorinated compounds, the building blocks of finishes, have attracted much 

concern due to their proliferation throughout the environment [194,195]. The substances 

persist due to the inherent strength of carbon-fluorine bonds [47,165].  
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3.3.4.6 Bactericidal and fungicidal agents 

The application of antibacterial products is increasing in textiles. In apparel, triclosan 

has been one of the most commonly applied compounds [196,197]. 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 

nanosilver, or a consideration of changes in consumer-practice, i.e. substitution of infrequent 

washing with more frequent washes [165], and the treatment of nanofinishes. 

3.4 Developments in the processing and applications of protein 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, thermal underwear, 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, sofas, felts, 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 highlighted in section 2.4.4, the following 

specific examples are noteworthy developments in the processing of protein fibers [198].  

3.4.1.1 Biomedical applications of wool 

The inherent properties of wool such as its excellent insulating properties, resilience 

to applied pressure, wicking moisture, as well as its naturally non-allergenic 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 comfort and 

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 enjoys the following 

applications in the medical field: 

Wool wax: Lanolin, also called wool wax or wool grease, is one of the by-products of 

wool processing. It is secreted by the sebaceous glands of wool-bearing animals. Medical 

grade lanolin is used as a cream to soothe 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 lanolin in the nose, in small  
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amounts, to treat head colds. 

Bedsore & pressure sore prevention: The 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 of pressure or bed sores. The sheepskins are extremely 

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

Wool pile (nursing fleece): Nursing fleeces are cheaper alternatives to sheepskin and 

have a number of advantages. 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 pillows absorb 

body moisture and reduce neck stiffness. 

Medical Sheepskin Footwear: Wool 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 the sheepskin 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 care [198]. 
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If, protein substrates that are specifically designed for biomedical applications, 

require coloration in some form, they will often be colored based on conventional methods 

but in specific production lines that provide direct control 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 substrates [199]. 

3.4.1.2 Wool nonwoven composites 

To make wool nonwoven composites, wool is processed through needle-punching, 

stitch-bonding or chemical-bonding technologies. Nonwovens made from wool are used in 

geo-textiles, acoustic barrier fabrics, grass strike fabrics, absorbent pads, vibration damping 

pads and oil clean up materials [200]. 

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 high-technology applications. Fundamental 

discoveries into how silk fibers are made have provided the basis for a new generation of 

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 bacteria, fungi, plants and 

mammals, and through transgenic silkworms [201]. 
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3.4.2.1 Silk nonwovens 

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

generated during twisting and weaving on shuttle-less looms. 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, besides hand-spun 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 be reused. The web formation by the air-laid method and bonding by 

chemical/needle punching may be attempted for production of non-woven webs. Non-woven 

fabrics of specific weight can be produced for various applications including technical and 

medical textiles. They can also be used as an inner lining for warm garments, blankets, 

carpets, wall coverings, and automotive carpeting and insulation [201]. 

3.4.2.2 Fluorescent silks 

The worldôs first silks exhibiting fluorescence and other pioneering properties were 

successfully developed as a result of transgenic silkworm research conducted by Japanese 

researchers [201]. Three lines of transgenic silkworm have been developed. The first line 

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 extracted from jellyfish, 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 high-end apparel fashion industry. 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 as having potential medical applications [202]. 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 colored and 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 of industrial 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 trials are underway to examine the feasibility of the process. It is envisaged 

that silk with anti-bacterial, anti-coagulant, and anti-inflammatory 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 capabilities [201]. Fluorescent silk is often not subjected to the 

conventional coloration process. In the conventional dyeing of silk with fluorescent dyes, 

0.3-0.8% o.w.f. of dye is dissolved in water and the coloration is carried out at 30-40°C for 
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45-60 minutes. 

3.4.2.3 Biomedical applications of silk 

Silk fibers have long been used as sutures, given their high tensile strength, 

controllable biodegradability, hemostatic properties, non-cyto toxicity, low anti-genicity, and 

non-inflammatory characteristics [203-205]. The ability to control molecular structure and 

morphology through processing and surface modification options has expanded the use of 

silk in a wide range of medical applications [206]. 

Sutures and wound healing: B. mori silk has been used as biomedical suture material 

in sutures for wound ligation, surpassing collagen over the past 100 years [25]. The unique 

mechanical properties of these fibers provide important clinical repair options. 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 sutures are known to have undesirable in vivo loss 

of tensile strength and somewhat higher tissue reactions as well as in-growth of tissues. 

Various types of surface treatments are used to render silk non-capillary, serum proof, or 

resistant to the in-growth of tissues. Wax or silicone has been used as the coating material. 

Tissue in-growth is prevented by encasing the twisted silk fibers in a non-absorbing coating 

of tanned gelatin or other protein substances. Silk has also been used in wound healing. A 

membrane composed 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 novel muco-adhesive 
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polymer has been prepared by template polymerization of acrylic acid in the presence of silk 

sericin [207]. Silk protein can be made into a biomaterial with anticoagulant properties, by a 

sulfonation treatment of sericin and fibroin [201]. 

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

membranes, yarns, and sponges) has been shown to support stem-cell adhesion, proliferation 

and differentiation in vitro and promote tissue repair in vivo. In particular, stem-cell-based 

tissue engineering using 3D silk fibroin scaffolds has expanded the use of silk-based 

biomaterials as promising scaffolds for engineering a range of skeletal tissues like bone, 

ligament, and cartilage, as well as connective tissues like skin [208] . Silk fibroin fibers 

exhibit comparable biocompatibility in vitro and in vivo with other commonly used 

biomaterials such as polylactic acid and collagen [25]. Fibroin hydrogels have been proposed 

as scaffolds able to promote in situ bone regeneration [209].  

Drug delivery: The applicability of fibroin, a major silk protein, to control release-

type dosage tablets, has been investigated in vitro and in vivo. Sulfated silk fibroins have 

anti-HIV-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 100 ɛg/mL [201,210].  

The majority of silk-based materials used for drug delivery or in vivo applications do 

not require coloration. If, silk substrates that are specifically designed for biomedical 

applications require coloration 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. 

3.4.2.4 Silk fiber-reinforced composites 

A major part of recent research 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 materials, modelling of the properties of composites with natural fiber 

reinforcement, and the creation of fully biodegradable natural fiber-reinforced composites 

using bioplastics as matrix material [211]. 

Silk fibers can be dissolved in aqueous system and then processed through 

electrospinning process to form an electrospun composite nonwoven. The electrospun silk 

nonwovens have high strength, good oxygen permeability, water vapor permeability and 

biodegradability. The regenerated electrospun silk fibers have a circular cross-sectional shape 

and can be treated with silver nanoparticles to enhance their antimicrobial properties [200]. 

Silk fibers can be incorporated as reinforcements into thermoplastic matrices to create 

composite materials with a high strain to failure rate. Silk yarn is easily available as a waste 

product from textile processing, making silk fiber-reinforced composites environmentally-

friendly and cost effective. Incorporating silk fibers into biopolymer matrices, such as epoxy 

resins, produces a ógreenô bio-composite. Novel short-silk fiber-reinforced polybutylene 

succinate (PBS) bio-composites 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 significantly by increasing the short fiber content in the composites, showing a 

maximum value at a fiber loading of 50 wt% [201]. 

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

The objective of dyeing is to produce uniformly-colored 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 (chemical and physical), pre-treatment processes prior to dyeing, and post-treatment 

processes after the dyeing process [33,34]. In this study a fishbone diagram (also known as 

the cause-and-effect, or Ishikawa diagram) was used 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 problems [212-214]. 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 

categorized in the fishbone diagram shown in Figure 3.3. 
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Figure 3.3. Some of the key variables affecting the dyeing of protein fibers. 
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The diagram is composed of six major categories using the 6Ms method [215] which 

are; Human factors (Manpower), Materials, Methods, Measurements, Machines, and Natural 

Resources (Mother Nature). Details of each category are discussed in the following sections. 

3.5.1 Human factors 

The human factor is considered to be the most important set of parameters affecting 

the control of dyeing due to the fact that the textile industry is a labor-intensive industry 

[216]. Human factor variables affecting the control of color in the dyeing of protein fibers are 

shown in Figure 3.4. 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 accidents as well [217], and 

is often cited as the ñhuman error problemò or ñhuman errorò [218-222]. There is a belief that 

humans are unreliable and a solution to this is to change the personnel or alter their role in 

the system [223]. 
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Figure 3.4. Human factor variables in the control of color. 

 

The reliability of the human element must be considered in the overall prediction of 

systemôs reliability [224,225], otherwise a true 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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3.5.1.1 Training 

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 standardizes 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 to be conducted 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 accessible for 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 SOP needs to be reviewed and reinforced by management or 

the direct supervisor [229]. Main topics that should be mentioned on SOP for textile 

manufacturing are: 

¶ Chemical handling 

Details that should be listed 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, first 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. 

¶ Equipment 

With increased utilization of automated machinery in the textile industry, it is 

important for all operators involved in various processes to have adequate training on the use 

and operation of such machines. Operators need to understand complex machinery and be 

able to diagnose problems [230]. Machine operators usually are trained on the job by more 

experienced employees or by machinery manufacturers' representatives. Operators begin with 

simple tasks and are assigned more difficult operations as they gain experience. In addition, 

the trends toward cross-training of operators and working in teams will increase the time 

needed to become fully trained on all machines [231-233].  

¶ Testing protocols 

Test methods should be considered in relation to standards and application to ensure 

the end-products meet the required and acceptable characteristics in use. There are standard 

test methods for textiles for the assessment of the physical, mechanical, and chemical 

properties of textiles, which may be yarns or fabrics, as well as the natural and man-made 

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 (AATCC) [235] also publishes an annual 

technical manual which includes a number of test methods; the Bureau International pour la 

Standardisation des Fibers Artificielles (BISFA) [236] has test methods for synthetic fibers 

and yarns, the International Wool Textile Organization (IWTO) [237] has a set of test 

methods for testing wool (in a ring binder), the British Standard Institution (BSI) has a set of 

methods for physical testing of textiles [238], the Centexbel (CEN) has operated on all 

textile-related standards [239], and other associations include International Organization for 

Standardization (ISO) [240], and European Disposables and Nonwovens Association 

(EDANA) [241] which recommends test methods for nonwovens. 

3.5.1.2 Safety 

One of many accident causation theories is the human factor theory, which is based 

on the assumption that accidents occur due to a chain of events caused by human error. Three 

main factors that cause human error in safety are [226,242,243]: 

Overload: This factor is concerned with an imbalance between a personôs capacity at 

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 fatigue [244,245], stress, natural ability, state of mind, 

degree of training, and physical condition. The load is the tasks which he/she has 

responsibility to do along with additional factors as environment (noise and distractions), 

situational (unclear instructions and level of risk), and internal factors (worry, emotional 

stress, and personal problems) [226,246,247]. 
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Inappropriate response/incompatibility: Examples include removing a safeguard from 

a machine to improve output, detecting a hazardous condition but taking no appropriate 

corrective measure, and disregarding the recommended safety-related procedures [226,248]. 

Inappropriate activities: This factor is concerned with inappropriate activities due to 

human error, such as misjudging the degree of risk involved in a specified task and then 

carrying out the task based on that misjudgment [224,226,249]. 

3.5.1.3 Corporate culture 

Corporate culture generally refers to the environment or personality of an 

organization with all its multifaceted dimensions. It is ñthe way we do things around here,ò 

with an aura of its own, much like an individualôs personality [250].  

Culture is individuals in a group sharing patterns of behavior. This is not absolute 

because culture is relative. It reflects 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 

Materials include the dyed substrates, therefore this factor has four main sub-arms 

based on four main physical forms of the substrate, i.e. fiber, yarn, fabric, and garment. 
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Material variables in the control of color in the dyeing of protein fibers are shown in Figure 

3.5. 
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Figure 3.5. Material 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 hair [81]. These fibers belong to the same protein (keratin) fibers 

as sheep wool. Although their morphological fine structure as well as surface structure 

differs, it is not easy to differentiate between them chemically [86]. These hair fibers are  
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mostly processed, dyed, and finished using similar machinery to those used for wool, but the 

settings and conditions (such as dyeing, finishing recipes, etc.) are adjusted to suit the 

specific characteristics (length, fineness) of each fiber [37,73]. 

In yarn form, variations in tension can produce deformation during yarn production. 

Winding density is one of the most important factors affecting the quality of the dyed 

package. Several other parameters that also affect the quality of yarn dyeing include yarn 

twist, defects, variations in count/ply number, cross section, absorbance, as well as fly fiber 

(contamination) [89].  

3.5.3 Methods 

The three main steps in textile wet processing are: preparation, dyeing, and finishing. 

Method variables in the control of color in the dyeing process of protein fibers are shown in 

Figure 3.6. 
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Figure 3.6. Method variables in the control of color. 

Protein fibers prior to scouring contain a high amount of non-fibrous impurities, 

about 30-70% for wool and 15-30% 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 low temperature with little to no alkali is carried out. The 

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

3.5.3.1 Scouring 

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

protein fibers.  These are alkylphenol ethoxylates (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 environmentally-friendly) [154]. 

Sodium carbonate (soda ash) is the most common builder used although sodium 

chloride and sodium sulfate are also sometimes used. The purpose of the builder is to 

facilitate contaminant removal especially when the immersion time is short. It helps stabilize 

the emulsified wool grease and dirt, and prevent re-deposition back onto the wool [154]. 

Ideally water of high quality with zero hardness should be used because the presence 

of multi-valent cations, such as calcium and magnesium causes re-deposition of fiber 

contaminants [154]. 

Squeeze rollers are critical to the efficiency in removal of contaminants from wool. 

The contaminated liquid (water) carries the wool grease/suint/dirt which is removed/held 

back in the bowl by the squeeze rollers. The wool mat is subjected to hydrodynamic forces 

upon entering the nip of the squeeze rollers, which are efficient at removing wool grease and 

suint from the wool fibers, but less efficient in removing dirt. The squeeze roller also 

minimizes the carryover contaminants to the next bowl in the scouring line. Squeeze rollers 

of the last bowl in the scouring line are very important, because they reduce the regain of the 

wool entering the dryer thus reducing energy usage in thermal dryer. The squeeze efficiency 

is dependent upon the downforce on top of the roller, and the viscosity of the liquid to be 

removed. Increase in temperature decreases the viscosity of the liquid, which in turn 

facilitates liquid removal from the nip of the rollers. The final bowl is expected to be acidic 

due to insect resist or carbonizing treatments that may have been applied. The regain of wool 
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from squeeze rollers is between 50-100% depending on the efficiency 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 rollers [154]. 

The temperature is usually set within a range of 50-65ęC, and in alkaline scouring 

conditions the temperature is set to less than 55ęC [154]. The rate of detergent usage depends 

on the type of wool, but should be less than 9 liters/ton of greasy weight for Merino wools 

and less than 3 liters/ton for crossbred wools [154]. 

Different methods of scouring are briefly described in the following sections. 

Emulsion scouring 

The most common method is emulsion scouring, where raw wools are immersed in a 

solution containing 2-4% detergent or oleate soap and 2% sodium carbonate at 50-55ęC, at a 

liquor pH of 10 for 10-15 minutes. If sulfated alcohols are used in the absence of alkali, the 

temperature may be raised to 70ęC [42]. Emulsion scouring with soap is the most common 

method of cleaning loose wool [42]. 

Suint scouring 

Raw wool is steeped in water at 16ęC and then the liquor is withdrawn and clarified 

by sedimentation or centrifuging. The pH of the suint liquor is maintained at 5.5-8.8. For 

removal of wax, the suint liquor should be heated at 60ęC, causing the wax to be emulsified.  
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The material is then rinsed, washed with soap, and finally rinse in the subsequent bowl 

[33,34].  

Solvent extraction 

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 fact that the 

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 are now known 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 10% is removed by centrifuging. 

Finally the residual solvent is removed by blowing with hot air. Solvents can be recycled and 

reused [33,34,42,47].  Only if high levels of solvent recovery are achieved can solvent 

scouring be considered to result in reduced environmental pollution; a system based on 

hexane (de Smet process) and another using 1,1,1-trichloroethane (Toa/Asohi process) have 

been  in commercial operation in Taiwan and Japan [47].  

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 about -30 to -45ºC at which temperature range the 

vegetable matter (VM) becomes hard and brittle, but 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 be necessary [33,34,42,47]. 

At present, wool scouring is most economically done with non-ionic detergents. A 

small amount of alkali may be beneficial for scouring, but no free alkali should be left 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 improve grease 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, or 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. Potting also gives wool fibers a soft hand and bright 

finish but steaming at high temperatures tends to make the wool yellow [33,34,42,47]. 

For some of the protein fibers, such as camel hair, the 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 hair for animals with two double coats [11]. In fact 

in the case of cashmere dehairing is very important and has a major impact on the quality, 

price (value), and the processing of the fiber [9,37]. Also for guanaco, the shorn hair needs to 

be de-haired but this is mainly processed on the worsted system, while some are processed on 



 

134 

the woolen system [253]. 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 finishing. Sorting 

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 brown, the bleaching 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. Commonly the 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 after-treatment with the reducing agent to overcome 

discoloration problems and excessive fiber damage associated with iron deposition [37]. The 

process uses a mixture of thiourea and hydrogen peroxide and produces thiourea dioxide 

which is an effective reducing agent when applied during mordanting and allows for a 

reduction in mordanting temperature [37].  

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 generally more 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 detergents [254]. Before scouring, 

opening of bales helps clean the fibers. The treatment conditions must be gentler than those  
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for wool with lower scouring rates, and pH must be strictly controlled [59]. Excess alkali in 

the fiber can cause discoloration in dyeing. Residual grease content of 0.2-0.3% is 

recommended for the worsted and 0.7-0.9% 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 dry-combed system. The French system of drafting and 

combing involves combing, 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 generally 90-120 

mm is often required for the worsted system [37]. In the case of guanaco the yield in scouring 

varies from about 85-95% [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 ósilvery grey/whiteô undercoat sheds annually around 

April to June. Musk ox fleeces 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 musk-ox, increasing only slightly with age. The fiber 

bleaches and dyes well. Garments made from musk-ox fibers reportedly do not shrink when 

washed [7,60]. 

Vicuña 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 process. These days the  
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process is done by machine. Fiber length (typically 20-25 mm) 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 worsted yarn as fine as Nm46 

(26 Tex) have been produced from pure vicuña fiber, with manual removal of kemp and 

impurities taking place at the fabric stage [37,63]. 

Yak is hand sorted to reduce guard hair in the down, and sort fibers according to 

color. Because fine 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 treatment bath [37,65]. 

In certain 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 scales [255]. 

3.5.3.2 Carbonizing  

This chemical wool fiber treatment is necessary in the scouring process when the 

level of vegetable matter (VM) is high, or VM-free products are required. This process takes 

advantage of the difference in chemical stability of wool keratin and VM (mainly cellulose 

and lignin) towards mineral acids. The process comprised of conventional scouring, 

acidification, drying, crushing, beating, neutralizing, and final drying of the product. Sulfuric 

acid (at a concentration range of 4.5-7.5%, depending on the bowl temperature and time), and 

a wetting agent 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 moisture removal prior to drying is carried out by a continuous centrifuge 

after the acid squeeze roller and before the dryer feed-hopper. This centrifuge provides a 

lower and more even regain distribution, and reduces the degree of loss in fiber strength. 

Another method is to use a separate dryer and baker, the dryer used for rapid drying at low 

temperature with significant heat inputs, while the baker is used for higher temperatures but 

with lower heat inputs. This provides an opportunity to redistribute the wool mat by means of 

a feed-hopper prior to the baker [154].  

The drying stage is critical in the process because acid hydrolysis of the wool fibers 

may occur. Damage can be minimized by drying at low temperatures (60-70ęC) with high air 

flow rates through the wool mat, but wool is usually baked at a temperature in the range of 

105-130ęC. Baking times in industry are typically 3-10 minutes depending on the openness 

of the wool mat, wool mat thickness, through-flow air velocity, and the amount of acid on the 

VM. In this process vegetable matter becomes brittle and charred, and this facilitates removal 

in the crushing stage, where wool is passed between sets of pressurized rollers, and the 

beating stage (dedusting) which entails mechanical action in willows or stepped opener-

dusters. Most of the VM is removed at this stage. Neutralizing is usually carried out in 4-5 

bowls, the first bowl contains water to remove any free acid and allows hydration of the 

wool, the next two bowls contain sodium carbonate solution to neutralize the wool (nonionic 

detergents may be added as well), the last two bowls contain rinse water to remove residual 

sodium carbonate. Opening and dusting machines can also help remove small amounts of  
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vegetable matter but are usually regarded as one of the carding steps [154]. 

The percentage of moisture ñregainò on wool is expected to be 16% when fibers exit 

the dryer. Drying represents 30-60% of the heat usage in a typical preparation process and a 

future approach to save energy is to dry wool in an atmosphere of superheated steam rather 

than in hot humid air though this may result in damaging wool fibers [154]. 

The conventional 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 acid, 1-2 g/l detergent at 20-

30°C 

4. Double squeezing and/or continuous centrifuging prior to drying 

5. Drying at 60-80°C to a low regain 

6. Baking at 95-120°C to carbonize the VM 

7. Passing through heavy fluted rollers to crush the embrittled VM 

8. Conveying to a rotating shaker/de-duster to remove the charred VM dust 

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 low, typically in the range of 500-600 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 cellulose [154]. 

3.5.3.3 Dyeing 

There is a range of dyes available for dyeing wool fibers, each with different dyeing 

properties, and varying in terms of molecular size, and polarity of the molecule [256]. Most 

dyes contain ionic solubilizing groups which are based on the sodium salts of either sulfonic 

or carboxylic acid groups [20,257]. The number of solubilizing groups present in the 

molecule influences the solubility, dyeing properties, and wet fastness of the dyed fiber. Dyes 

with lower relative molecular mass and high polarity have the highest migration properties, 

but exhibit the lowest wet fastness properties [258]. The classification of dyes for protein 

fibers is shown in Figure 3.7 [154]. 

Acid leveling dyes 

Acid leveling (or equalizing) dyes have a molecular mass around 300-600. The dye 

molecules can diffuse into the fibers rapidly, and migrate at the boil to give a level 

appearance. This class is suited for dyeing yarn and fabric 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 are applied at relatively high acidic conditions with a bath pH 

of 3.5 in the presence of 10% sodium sulfate [21,156].  

 

 

Figure 3.7. The classification of dyes used for dyeing of wool fibers. 

 

Acid milling dyes  

Acid milling dyes have a higher molecular mass (typically 500-700) than acid 

leveling dyes and exhibit improved wet fastness. This class is suitable for dyeing yarn and 

fabric in medium to deep shades. Their migration is lower than that of leveling dyes and  
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dyeings are carried out at pH 4-5. The excellent migration properties of these dyes are due to 

the fact that their leveling properties are enhanced by the addition of cationic leveling agents. 

The dyes are usually mono-sulfonated. Examples of yellow, red, and blue dyes comprising a 

trichromate include the Nylosan® range (Archroma) [154]. 

Acid super-milling dyes 

These are dye molecules with molecular mass of 600-1000, and with two or more 

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 wet-fastness and may be applied in presence of a weakly cationic 

leveling auxiliary which forms a complex with the anionic groups in dyes and reduces the 

rate of dye uptake by the fiber. Yarn, fabric and garment are often dyed at pH range of 4-6 

with an acid donor such as ammonium sulfate [154,259].  

Acid dyes are usually sodium salts of sulfonic acids, and are therefore anionic in 

aqueous solution. They dye fibers with cationic sites, by usually substituted ammonium ion 

groups in protein fibers which absorb acids. The acid protonates the amino group of the fiber, 

hence they become cationic [28]. Dyeing involves exchange of the anion associated with an 

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

Fiber-NH2 (s) + H+ (aq) + HSO4
- (aq) Ą Fiber-NH3

+HSO4
- (s) 

Fiber-NH3
+HSO4

- (s) + Dye-SO3
- (aq) Ą Fiber-NH3

+ Dye-SO3
- + HSO4

- (s) 

Mordant dyes 

These may be subdivided into pre-mordant, metachrome, and afterchrome dyes. 

Mordanting with chromium 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 apply as this process involves a single application 

procedure, but some dyeings exhibit poor rubbing fastness due to the precipitation of 

complexed dyes in the dyebath which may be deposited on wool fiber surfaces. The 

afterchrome process is the most widely used because it results in high wet fastness and best 

leveling properties, but dyed materials are difficult to strip or reprocess due to the stability of 

dye-fiber 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 Cr2O7
2-), which are reduced to a water-insoluble Cr (III) complex (Scheme 3.2).  
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Scheme 3.2 

Cr2O7
2- + 14H+ + 6e- Ą 2Cr3+ + 7H2O 

Organic acids or thiosulfate can be added to assist the reduction of dichromate to 

chromic ion and ensures complete reduction to the less toxic chromic ion, Cr (III) is shown in 

scheme 3.3 [28].  

Scheme 3.3 

Cr2O7
2- + 14H+ + 6S2O3

2- Ą 2Cr3+ + 3S4O6
2- + 7H2O 

As mention earlier in section 3.2.3, environmental concern of chrome (mordant) dyes, 

chromium (III) is water-insoluble and an essential nutrient (in low doses), while chromium 

(VI) is water-soluble, non-essential, and toxic. Therefore, although chrome dyes were 

industry standard for certain deep, dull shades, regulations pertaining to the presence of 

heavy metals and the aquatic toxicity associated with chromium in effluent, have resulted in 

a significant reduction in the use of chrome dyes in industry. Low chrome and metal-

complex dyes other than those employing chromium are currently recommended for use on 

protein fibers. 

¶ 1:1 Metal complex dyes 

The original type is a dye molecule forming a complex with a metal atom, such as 

chromium, in a 1:1 ratio. This class of dye has good leveling properties in dyeing wool at a  
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pH of 1.8-2. They are ideal for the level dyeing of acid milled and pre-carbonized fabrics. 

However, they are not good with washable wools because their wet fastness is not as good 

with modern detergents containing perborate [154]. 

¶ 1:2 Metal complex dyestuffs 

Dull in shade, in these dyes a metal atom (chromium, or cobalt) forms a complex with 

two dye molecules. The large dye can form strong links with the fiber and tends to have low 

migration properties. There are three types of 1:2 metal complex dyes; unsulfonated, 

monosulfonated, and disulfonated. The disulfonated dyes are the most soluble and exhibit 

significant pH-dependence. They have low affinity under neutral conditions thus requiring 

more acid to achieve exhaustion, but possess the highest fastness to domestic washing [154]. 

The dyeing mechanism for metal-complex dyes and protein fibers is shown in scheme 3.4 

[28]. 

Scheme 3.4 

HO2C-Wool-NH2 + H+ + X- Ą HO2C-Wool-NH3
+X- 

HO2C-Wool-NH3+X- + Dye- Ą HO2C-Wool-NH3
+Dye- + X- 

Reactive dyes 

These constitute medium molecular weight acid dyes with a reactive group capable of 

reacting with wool amino groups, and highly reactive SH groups, to form a covalent bond 

[22]. Clearing is necessary to remove the unfixed dye. Brilliant hues can be obtained with  
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reactive dyes which make them suitable for dyeing bright shades for machine-washable 

wools. Due to their poor leveling properties, these dyes are especially suited for dyeing loose 

fibers [23]. However, they are also used for dyeing yarn and garments. 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 to dissolve slowly on to the fiber [154]. 

The most common methods in dyeing are exhaust (batch), and continuous (padding) 

dyeing [15,33,34]. These are briefly described in the following sections [24,260,261]. 

Exhaust (batch) dyeing has three main phases which are adsorption, diffusion, and 

fixation. Dyeing is commenced at a fairly ambient temperature (30-40ęC) which is increased 

slowly. During the diffusion phase pH is changed, by the addition of an alkali, to help 

facilitate covalent fixation of the dye which has diffused into the substrate [26]. Auxiliaries 

are added first followed by the dye to obtain uniform 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, liquor ratio, temperature of the dyebath, and the influence of the 

dyeing auxiliaries [262]. Two types of machines are used, namely, circulating-machines 

whereby the substrate is stationary and the dye liquor is circulated; and circulating-goods in 

which the substrate and the dye liquor are both circulated within the machine. In circulating 

machines substrates may be in the form of loose stock, sliver, yarn, or fabric. Yarn is packed 

and wound on to cones or perforated beams, and dye liquor is pumped through the substrate 

in two directions, in-to-out and out-to-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 to a greater depth than 

other areas [32]. Circulating-goods machines include hank dyeing machine (for dyeing of 

yarn), winch where fabric is drawn in rope form through 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 open width form on a beam and guided back and forth through 

the dyebath in open width [32,37]; such equipment is not much used in the West, but is 

employed in some factories in Asia, especially for dyeing 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 pre- and post- dyeing treatments are included within 

the treatment 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 liquor retained is known as ñpick upò, a low wet pick up is 

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 contact-free to avoid 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 auxiliaries [37,40]. Scheme 3.5 shows an example 

of the dyeing mechanism for reactive dyes and wool fibers. 

Scheme 3.5 

Dye-NHCOCH2Cl + Wool-SH Ą Wool-S-CH2CONH-Dye + HCl 

3.5.3.4 Finishing 

The finishing processes must take into account the history of the fiber, its genetic 

sources, and the environment in which it originated [42]. The objective is to produce a well 

finished product that provides a distinctive character and the best wearing properties while 

also retaining the natural properties of the fibers [37]. 

 

3.5.4 Measurement 

Measurement is important because it is the main process to evaluate the performance 

of the production, whether in terms of color quality control [263,264], tensile strength, 

quality control of the products, or the dyeing process. Measurement variables in the control 

of color are shown in Figure 3.8. 
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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 mandatory. Wrong 

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 and expect delivery of a new lot at 

the original planned date in the contract. This would necessitate re-scheduling production 

plans to fit the re-run into the system, which might not be possible when other orders are in  
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the queue. In addition this can result in unnecessary 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, yarn, fabric 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, semi-continuous, or continuous), 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 open-width or rope form. 

The basic requirements of dyeing machinery include the following [37]: 

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

¶ Movement should not be too vigorous to avoid disrupting the yarn, fabric, or garment 

structure; 

¶ Maintain a set temperature throughout the liquor; 

¶ Contain no sharp machine components to avoid damaging goods during the dyeing 

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

¶ Ensure no corrosion occurs in any parts of the machine. 

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

 

For fabric dyeing in a jig machine (as used in some factories in Asia as mentioned in 

Section 3.3 under óReactive Dyesô),  some of the problems that could be listed here include 

side-to-center color variations, also known as ñlistingò, lengthways color variation, also  
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known as ñendingò, variations in temperature from side-to-side and end-to-end of the roll, 

tension control from end-to-end, constant speed control from end-to-end, and also at the low 

L:R washing off is difficult [37,154]. 

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 may limit the shade reproducibility [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 presence of multi-

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 water at a total hardness of up 

to 70 mg CaCO3/liter, 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 problems [154]. 
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Figure 3.10. Natural 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 produced extra 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 

products [265].  

The cost of energy in textile processing is a major factor next 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, as well 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 factors need 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 materials 

3.6.1 Problems originating from protein fibers 

3.6.1.1 Problems 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. The amino acids contain side 

chains, some of which are acidic carboxyl groups, basic amino groups, or neutral side-chains 

with hydrophobic groups [267]. These give wool its amphoteric character, which enables it to 

absorb large amounts of acids or alkalis. Wool fibers do not have a homogeneous physical 

structure. They are composed mainly of two types of cells; cuticle cells (scales), cortical cells 

(cortex-the main part of the fibers), with a ñcell membraneò complex (CMC) in between the 

two, which provides a channel 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 

heterogeneity of wool are responsible for the way in which it takes up dyes [268,269].  
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Differential weathering of wool can also be responsible for variations in amino acid content, 

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

or ñtippy dyeingò, lies in the action of light and weathering on the tip of the wool fiber while 

it is on the sheepôs back. Photo degradation partially removes the epicuticle and oxidizes 

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 rest of the fiber. Epicuticle damage can also be 

caused by mechanical processing also leading to skitter dyeings which is indistinguishable 

from natural tippiness. Acid leveling dyes, can be used to overcome the tippy dyeing, while 

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

final skitter dyeing. Wool-reactive dyes can be used with amphoteric leveling agents which 

have a strongly cationic head, and the complex formed with these compounds is surface-

active and therefore self-dispersing. Due to the presence of a sulfonic acid group in the 

auxiliary, the complex also has substantivity for wool [47]. 

3.6.1.2 Problems caused by contaminants in protein fibers 

Contaminants in wool include fly fibers, vegetable matter, dirt, kemp fibers, and hair 

fibers from sheep and fibers from the fabrics used for bale coverings. These contaminants 

make processing more expensive and difficult, and result in a final product that has limited 

uses. Contamination of the Australian Merino wool clip has 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 medullated fibers can be transferred into wool by: 

¶ Contact during mating; 

¶ Contact with cross-bred offspring; 

¶ Accidental contact in paddocks or yards. 

Since the introduction of exotic sheep breeds to Australia, early and later stage wool 

processors across the globe have 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 damaging 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 wool. Hair is a 

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 making fabrics, 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. Hair-contaminated wool causes issues for use in apparel 

or other textiles, because of the differential 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 fabric [270,271]. 
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3.6.1.3 Effect 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 unpigmented 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 chromophores, give rise to the familiar creamy off-white 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 and pastel 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 photo-stability 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 of photo-yellowing of the treated wool 

[272]. To determine the degree of whiteness of wool a standard test method, using two 

parameters of yellowness and brightness, has been introduced [47]. 

3.6.1.4 Summary and solutions to problems originating from protein fibers 

A summary of problems originating from protein fibers, and solutions, is given in 

Table 3.4. 
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Table 3.4. Summary of problems originating from protein fibers and recommended solutions. 

Problem 

Possible 

cause 

Reasons and Countermeasures 

General 

unlevelness 

Too short 

dyeing time 

Due to the physical and chemical differences among cells 

in wool, at the initial stages of dyeing, the fiber does not 

take up dyes evenly along each fiber. After initial 

penetration into the fiber, the dye molecules must diffuse 

throughout the entire cross-section in order to obtain 

optimum color yields and fastness properties. The dyeing 

time should be increased, or auxiliaries could be added to 

create better diffusion of dyes.  

Poor color 

yield  

(low 

exhaustion/ 

low 

fixation/po

or build-

up) 

1. Too short 

dyeing 

time 

At initial stages of dyeing, the fiber does not take up dyes 

evenly along each fiber. After initial penetration into the 

fiber, the dye molecules must diffuse throughout the entire 

cross-section in order to obtain optimum color yields and -

fastness properties. The dyeing time should be increased, 

or leveling agents could be added to create better diffusion 

of dyes. 
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Table 3.4 (continued) 

Problem 

Possible 

cause 

Reasons and Countermeasures 

 

2. Presence 

of extra 

dirt or 

VM. 

Control scouring process to completely remove impurities, 

recommended settings for scouring process include: 

temperatures not exceeding 52°C when sodium carbonate 

is present. If treated with sulfated alcohols in the absence 

of alkali, the temperature may be allowed to rise to 70°C. 

However, temperature should not be allowed to exceed 

90°C if treated with mild alkalis. 

 

3.6.2 Problems originating in yarn formation 

3.6.2.1 Problems 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 continuous web of wool fibers 

which is condensed into a card sliver, a ball or a can for worsted carding. Fiber breakage can 

occur during this process [152,154]. Some compromises have to be made for example:  

¶ Burr removal efficiency comes with an increase of fiber loss; 



 

159 

¶ The more water added during the process, the better the static charge control but the 

worse the VM removal efficiency and the greater the chance to create neps, which are 

pinhead-like structures of fiber mass of more than 3 mm in size; 

¶ The faster the cylinder runs, the greater the output but there are more chances to increase 

fly fibers, and 

¶ Choice of card wire is a trade-off between ease of maintenance and wire life versus fiber 

length and neps. 

Lubricants (0.5-1% 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 emulsifiable, biodegradable, and often 

contain bactericides/fungicides, complexing, and anti-odorants.  

The card consists of four sections; feeding, licker-in (burr removal etc.), swift-

worker-stripper, and fancy doffer. Feeding systems play an important role in the uniformity 

of card web and sliver. Carding is a fairly vigorous action, breaking about 20-40% of 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 fiber breakage is influenced by: 

¶ Degree of fiber entanglement developed during scouring; 

¶ Fiber fineness; 

¶ Fiber strength; 
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¶ Fiber length; 

¶ Friction (Lubrication); 

¶ Web thickness on the swift; and 

¶ Moth attack during storage and pressing scoured wool 

An opening process can 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 also forms new 

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 with 4% or more of 

clover burr should not be processed at a moisture regain above 12% [152,154]. 

3.6.2.2 Problems in gilling 

Gilling is an intermediate process after carding and prior to combing in 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, to reduce fiber breakage and noil  
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formation during combing. Hooks can increase chances of fiber breakage. Fiber breakage can 

occur on high-speed intersecting gill boxes when using close front-roller settings. Gilling, 

however, tends to increase nep formation. Wool wax, suint, and dirt residues can re-deposit 

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 increases the overall cost of the operation, and therefore it is only 

carried out when necessary [152,154]. 

3.6.2.3 Problems in combing 

The purpose of combing is to align the fibers, and ensure an even weight/unit length 

of sliver and remove noil, fibers shorter than 20-30 mm, 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 the circular 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 sometimes 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 tex and finer). About 2-5% noils may be produced during the re-combing 

process, depending on the degree of entanglement of the top [152,154]. 
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3.6.2.4 Problems in drawing 

Drawing is a preparation 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. Doubling is when 

two or more slivers are fed into a drafting zone, with the result of obtaining a more even 

sliver output [152,154].  

3.6.2.5 Problems in the woolen processing system 

The shortest processing route for staple fibers consists of two primary stages of 

carding and spinning. Yarn ranges of 30-2,000 Tex can be spun on this system. As spinning 

comes right after carding, therefore the fibers are not very-well aligned and tend to be bulky, 

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 of 19-35 ɛm and length between 25-80 

mm can be processed on the woolen system. Woolen carding requires wool with little VM, 

which can be achieved by pre-carbonizing. Atmospheric conditions of 65% RH and 20ęC are 

acceptable to process wool on this system [152,154]. 

Lubrication or oiling is important in wool processing especially prior to carding to 

minimize fiber breakage, fly waste, and static electricity, and provide additional fiber 

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

¶ Good lubrication and anti-static characteristics in carding and spinning; 

¶ Not discoloring of the wool; 

¶ Not impair fiber strength; 

¶ Facilitate mechanical processing in yarn production; 

¶ Not cause rusting or corrosion; 

¶ Not reducing the life of the leather aprons before drafting rollers or condenser tapes in 

roving; 

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

¶ Remain stable in storage under various conditions of temperature; 

¶ Easily removable by scouring; 

¶ Not cause or support spontaneous combustion; 

¶ Not have or create odor, and  

¶ Be environmental friendly 

3.6.2.6 Problems in woolen spinning 

The aim of spinning is to produce a yarn. Ring spinning is the most popular system 

for spinning wool, particularly for fine yarns [273]. Mean fiber diameter and its coefficient of 

variation (CV) are the most important properties influencing processing performance, yarn, 

and fabric properties. Other important properties are fiber bulk resistance to compression and  



 

164 

mean fiber length [272]. An increase in mean fiber diameter or the CV of fiber diameter has 

an adverse effect on carding performance and yarn properties. An increase in bulk resistance 

to compression has an adverse effect on yarn and fabric strength, fiber breakage during 

carding, fabric abrasion resistance, and spin-ability; however, it has a beneficial effect on 

yarn extension, bulk and hairiness and on cross-card variation [154]. Some common faults in 

spinning yarn are: 

Bullets: These are low-twisted double yarns that may be seen weft wise in fabrics. 

They may be caused by improper 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 twist 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 fibers, foreign 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 knotting at parallel winding causes screwing of one yarn over another giving 

the cork-screw effect. 

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

accidental incorporation of foreign materials during the spinning stage and causes visual 

rejection of the fabric at the quality control stage. Contamination depends on a number of 

factors that include: 

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

¶ cleaning of machinery after every doff and lot change,  

¶ suction of drafting zones of gill boxes and rovings,  

¶ use of curtains to partition ring frames and/or two-for-one twisting machines to separate 

light and dark shades during spinning,  

¶ check overhead cleaners of plying, winding, cone winder, ring frame, and two-for-one 

(TFO) twisting machines, 

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

¶ use of a compressed-air jet for machine- cleaning; only a vacuum cleaner should be used  

¶ common air conditioning should be avoided for dyed 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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¶ packing material with polypropylene, jute bags, or similar materials should be avoided. 

Count variation: Difference 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 tension 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 

coil slippage. 

Neps: They occur 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 formed due to accumulated fly fibers that may be twisted into 

the yarn. 

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 

parallelization at gilling. 
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Snarled single: Double yarns that have different twists compared with other yarns 

may be caused by mixing up low-steamed or un-steamed yarns, and variations in tension 

during winding at ply winding. 

Thick end and thick picks: These refer to sections where the diameter of the yarn is 

greater than normal. Regular checking should be done in yarn clearer on mach-coner in 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: Splices are checked for strength and appearance as bad splices can spoil 

the appearance of the fabric. 

Yarn knots are joints of two ends: The tail ends of the knot should be of equal length 

(8-10 mm) and should not slip. Excessive re-winding 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 same quality of yarn in terms of 

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

[148,150]. 



 

168 

3.6.2.7 Problems originating in winding 

The purpose of this 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 should be lubricated (also called ñwaxingò 

because it uses a solid paraffin wax as the lubricant). The purpose is to transfer 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 surfaces in winding are not smooth neps may be formed 

or yarn hairiness may increase and this can deteriorate yarn quality. Non-uniform winding of 

a yarn package can lead to colour differences in package dyeing [152,154]. 

3.6.2.8 Problems 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 twisting of the yarn 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 most of the air from 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; 

¶ Evacuate to 88 kPa (26 inch Hg); 

¶ Steam at 80 °C for 5 minutes; 

¶ Evacuate again to 88 kPa; 

¶ Steam at 80 °C for 15 mins; and 

¶ 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). Recently, in-line steaming on conveyers 

has also been introduced [152,154].  

3.6.2.9 Summary and solutions to problems originating in yarn formation 

A summary of problems originating in yarn formation together with recommended 

solutions is shown in Table 3.5. 
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Table 3.5. Summary of problems originating in yarn formation as well as recommended 

solutions. 

Problem Possible cause Reasons and Countermeasures 

Reduced 

mechanical 

strength 

1. Lack of lubrication prior to 

carding 

0.5-1% o.w.w (on weight of wool) 

lubricants is 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. 

2. Gilling: High-speed 

intersecting gill boxes when 

using close front-roller settings 

Reduce feeding speed of the machine. 

3. Combing: Fine pining was 

used at the start of the circular 

comb segment 

Use pinning at the later stage of the 

comb segment. 

General 

unlevelness 

1. Poor carding can generate 

neps 

Neps can be decreased with increasing 

number of workers, sharpness of card 

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 

random patches of noil 

throughout the sliver. 

Correct pinning density 

3. Winding: Non-uniform 

winding of a yarn package can 

lead to color differences in 

package dyeing 

Good distribution of yarn on the 

package is necessary to result in 

uniform dyeings. 

Yellowing 
1. Setting: Too high temperature 

Recommended setting are: 

Å Evacuate to 88 kPa (26 inch Hg) 

Å Steam at 80ÁC for 5 min 

Å Evacuate again to 88kPa 
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Table 3.5 (continued) 

Problem Possible cause Reasons and Countermeasures 

 

2. Setting: Too long processing 

time 

Recommended conditions are as shown 

above. Longer time is preferred rather 

than higher temperatures if the setting 

effect is not adequate. 

 

3.6.3 Problems originating in fabric formation  

3.6.3.1 Problems in weaving 

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, usually at right angles to 

the warp. There are three primary motions of a loom in a weaving cycle which comprise 

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

Shedding: This step involves lifting some of the warp yarns to form a tunnel through 

which the weft yarn 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 countries. The 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 flexible 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 because the fibers 

absorb moisture.  

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

related to warping and weaving of wool include: 

Fiddle strings: these are tight ends in warping and weaving and cannot be seen until 

fabric is wet relaxed in 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 noted in broken 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 ends over more 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 wool [274]. 

3.6.3.2 Summary and solutions to problems arising in woven fabric formation 

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

are shown in Table 3.6 [274]. 

Table 3.6. Summary of problems in woven fabric formation and recommended solutions. 

Problem Possible cause Reasons and Countermeasures 

General 

unlevelness 

Warp streak 

Warp streaks are narrow, Barrè and dense stripes 

running along the warp direction. Main reasons are 

the variation in density of adjacent group of warp 

ends due to non-uniform dent spacing, wrong 

drawing-in, or count variations. Also, the variations 

in lustre, reflectance of dye pick-up 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 cause Reasons and Countermeasures 

 

 for streaks. 

Weft bar 

Weft bar is a band running weft-wise across the full width 

of the cloth. The normal reasons are the periodic medium 

to long term irregularity in the weft yarn, count difference 

in weft, excessive tension in the weft feed package, 

especially in filaments, variability in pick density and 

difference in twist, colour or shade of adjacent group of 

picks. 

Thick and thin 

places 

These are similar to weft bar, but unlike weft bars, it 

repeats at intervals. They are mainly due to irregular let-

off, incorrect setting of holding and releasing pawls on the 

ratchet wheel of take-up motion, gears of take-up motion 

not meshing properly, and gear wheel teeth worn out or 

broken.  

Box mark 

Box marks are due to something bruising or staining the 

weft while it is in or near the box. Main causes are dirty 

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

Problem Possible cause Reasons and Countermeasures 

  

tongue, dirty shuttles, weft flying about too freely, oil 

splashes from loose cranks, oily spindles and buffers and 

dirty picking stick for under pick. 

 

Reed mark 

A crack between groups of warp ends, either continuous 

or at intervals, which can happen due to damaged reed or 

improper spacing of dents. 

Stop mark 

Narrow band of different weave density, across the width 

of a woven fabric, caused by improper warp tension 

adjustment after a loom stop. A well trained weaver can 

reduce this type of defects.  

 

3.6.3.3 Problems in knitting 

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

Weft knitting comprises: 1) Fully-fashioned, 2) Flat knitting and 3) Circular knitting 

whilst 4) Warp knitting is seldom used for wool. Within the wool industry, fully-fashioned 

and flat knitting systems are commonly used. Circular knitting is limited to certain markets 

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

The fabric quality of wool knitwear can be assessed by the fabric density (cover 

factor) and the number or types of faults within the fabric as well as from the quality of the 

wool fiber used. 

Fabric density: the structure of a weft-knitted fabric has a large influence on 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: 

¶ stitch density/fabric density; 

¶ fabric weight and fabric cost; 

¶ fabric dimensions and panel size; shaped knitwear; 

¶ dimensional stability; relaxation and shrinkage; 

¶ physical performance; pilling, burst strength. 

There is a definite correlation between the wool yarn count and loop length of a fabric 

and this can be defined as the ñcover factorò. The cover factor hence determines the handle, 

drape and performance of the fabric. Just as the yarn type dictates the optimum loop length, 

this in turn dictates the gauge of knitting machine required to knit the yarn. 
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Fabric Faults: these can be attributed not only to the knitting, but also to the quality of 

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

¶ cockling or loop distortion; 

¶ fabric spirality; 

¶ yarn irregularity (thick/thin yarns yield thin stripes) and neps create small lumps like 

knots; 

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

¶ contaminated yarns (colored fiber/vegetable matter) [275,276]. 

3.6.3.4 Summary and solutions to problems arising in knitted fabric formation 

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

are shown in Table 3.7 [277]. 

Table 3.7. Summary of problems in knitted fabric formation and recommended solutions. 

Problem Possible cause Reasons and Countermeasures 

General 

unlevelness 

Yarn 

irregularity 

(neps) 

Yarn variation is a prime cause of barrè. Variation in 

hairiness, count, and twist are considered to be three 

important properties which need proper control to avoid 

barrè. Slippage of spindle tape is the main reason for the 

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 yarn 

diameter will be reduced and the number of helical 

angles will be increased as well. If the diameter of the 

yarn is low then more light will pass through that 

region of cloth because the gap between the two yarns 

is increased. When more ridges are present, then more 

light is reflected from the surface of the yarn. Hence 

regions with high TPI yarn appear light coloured after 

dyeing [278]. 

Presence of 

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 following 

[277]; 

Machine Type Gauge 

Yarn count 

Nm 

Straight Bar Fully 

Fashioned 

9 

12 

15 

18 

9/2 - 12/2 

12/2 - 17/2 

13/2 - 20/2 

20/2 - 28/2 
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Table 3.7 (continued) 

Problem Possible cause Reasons and Countermeasures 

 

¶ Improper tension 

at a feed 

¶ Variation in 

fabric take-up 

from loose to 

tight 

¶ Worn needles 

(produce length 

direction streaks) 

¶ Uneven cylinder 

height needles 

(wavy barrè) 

¶ Yarn irregularity 

(thick/thin yarns 

yield thin 

stripes) 

(N.B. Gauge is 

needles per 1.5 

inches) 

21 

24 

27 

22/2 - 32/2 

28/2 - 36/2 

32/2 - 40/2 

V-Bed Fully 

fashioned (Gauge 

in needles per 

inch) 

3 

5 

7 

8 

10 

12 

14 

2/2 - 4/2 

4/2 - 9/2 

10/2 - 14/2 

12/2 - 17/2 

20/2 - 24/2 

24/2 - 32/2 

28/2 - 36/2 

Single Jersey Cut 

& Sew (Gauge in 

needles per inch) 

8 

10 

12 

14 

18 

20 

22 

24 

17/2 - 24/2 

22/2 - 36/2 

28/2 - 40/2 

32/2 - 48/2 

40/2 - 30/1 

48/2 - 32/1 

28/1 - 36/1 

32/1 - 40/1 
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Table 3.7 (continued) 

Problem Possible cause Reasons and Countermeasures 

   

26 

28 

36/1 - 44/1 

48/1 - 55/1 

Presence 

of 

specks, 

stains, 

or spots 

Presence of 

vegetable matter 

If the carbonization process is not done properly, VM 

will be seen as brown flecks in the yarn and garment. 

 

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 

quality for dyeing processes, as recommended by China Association of Dyeing and Finishing 

Industry are shown in Table 3.8 [159]: 
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Table 3.8. Basic requirements of water quality for dyeing process. 

Item Requirement 

Total hardness 

(as CaCO3) 

<50 mg/l (for general use) 

<17.5 mg/l (for dyestuff dissolution) 

pH 6.5-7.5 

Iron <0.1 mg/l 

Manganese (Mg) <0.1 mg/l 

Transparency >30 cm 

 

3.6.4.1 Water hardness 

Hardness is traditionally measured by chemical titration. The hardness of a water 

sample is commonly reported in milligrams per liter (same as parts per million, ppm) such as 

calcium carbonate (mg/l CaCO3). Hardness can be a mixture of divalent salts. Calcium 

carbonate hardness is a general term that indicates the total quantity of divalent 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 most important 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 which can also contribute to the hardness of water. 

There are two types of water hardness: 

Temporary hardness: when 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 re-formed. 

Permanent Hardness: when sulfate, chloride, and nitrate salts of calcium and 

magnesium are present in water, the hardness is called permanent hardness. 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 definition 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; 

¶ Germany (°D), where 1°D = 10 mg/l CaCO3 

¶ France (°F), where 1°F = 10 mg/l CaCO3 

¶ USA (°USA), where 1°USA = 1 mg/l CaCO3 

¶ England (°GB), where 1°GB = 14.3 mg/l CaCO3 
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A more modern classification of water hardness records the analysis of total hardness 

as mmol/L of CaCO3, by titration of water against ethylene diamine tetra acetic acid (EDTA) 

and is given as; 

¶ Hardness range 1 ï ñsoftò up to 1.3 mmol/L = up to 7.3ÁD; 13.0ÁF; 130.0ÁUSA; 9.1ÁGB 

¶ Hardness range 2 ï ñaverageò 1.3 to 2.5 mmol/L = 7.3 to 14ÁD; 13 to 25ÁF; 130 to 

250°USA; 9.1 to 17.5°GB 

¶ Hardness range 3 ï ñhardò 2.5 to 3.8 mmol/L = 14 to 21.3ÁD; 25 to 38ÁF; 250 to 

380°USA; 17.5 to 26.6°GB 

¶ Hardness range 4 ï ñvery hardò Over 3.8 mmol/L = >21.3ÁD; >38ÁF; >380ÁUSA; 

>26.6°GB [279] 

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

processing are: 

¶ Precipitation of soap; 

¶ Redeposition of dirt and insoluble soaps on fabric being washed. This can cause 

yellowing and lead to unlevel dyeing and poor handling; 

¶ Precipitation of certain dyes which can form metal complexes with Ca and Mg salts; 

¶ Incompatibility with chemicals in finishing recipes; 

¶ Whilst Ca2+ and Mg2+ in hard water act to stabilize hydrogen peroxide, bleaching baths 

decomposition of the hydrogen peroxide in the bath is accelerated by the transition group 

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

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

given in Table 3.9. 

Table 3.9. Summary of problems caused by poor water quality and recommended solutions. 

Problem Possible cause Reasons and Countermeasures 

Yellowing 

Dissolved mineral 

salts in water: Iron 

salts (in scouring 

and peroxide 

bleaching 

processes) 

Soften water by using one of the following 

processes; 

1. Lime-soda process 

Temporary hardness 

Ca(HCO3)2 + Ca(OH)2 Ą 2CaCO3 Ź+2H2O 

Mg(HCO3)2 + Ca(OH)2 Ą MgCO3 +CaCO3 Ź+H2O 

MgCO3 + Ca(OH)2 Ą Mg(OH)2 Ź+CaCO3 Ź 

Local 

damage 

Iron salts and Cu2+ 

in bleaching process 

can cause catalytic 

decomposition of 

peroxide bleaching 

agents. 

Dull 

shades 

Iron salts in dyeing 

process: May form 
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Table 3.9 (continued) 

 

 

Problem Possible cause Reasons and Countermeasures 

 

complex compounds with some 

dyes. 
Permanent hardness 

MgCl2 + Ca(OH)2 Ą Mg(OH)2Ź + 

CaCl2 

CaSO4 + NaCO3 Ą CaCO3 Ź + 

Na2SO4 

CaCl2 + Na2CO3 Ą CaCO3 Ź + 

2NaCl 

2. Base-exchange process: base 

exchange complex is zeolites, 

such as sodium alumina silicate 

(NaAlSiO4Ā3H2O) 

3. Demineralization process: Ion 

exchange resin: cation, anion 

exchangers 

General 

unlevelness 

Salts of calcium or magnesium in 

water deposited unevenly on the 

substrate can cause unlevelness 

Presence of 

streaks 

The presence of salts of calcium or 

magnesium in dyebath can cause 

streaks due to localized deposition. 

Comfort 

properties 

Poor handle: The formation of 

insoluble Ca/Mg soaps result in 

formation of residues on the fiber 

surface which is believed to 

contribute to the soft/greasy handle 

of soap-scoured wool fabrics in hard 

water. They may also lead to the 

formation of unwanted odors as 

they degrade on the fabric over 

time. 
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3.6.5 Problems in preparation 

Improper conditions during preparation can result in a number of coloration faults, 

because preparation is the first stage in wet processing of textiles and all other processes 

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

3.6.5.1 Problems in scouring 

Scouring is a critical step in wool processing [280]. Scouring is a process to remove 

wool grease (lanolin), dirt, and suint. Vegetable matters (cellulose, 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 remaining 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 as close to neutral pH as possible to preserve woolsô properties 

[280]. There are several factors that affect scouring performance: 

¶ Pre-scour opening: Prior to scouring, greasy wool needs to be opened and presented in a 

condition that would maximize scouring effectiveness. Pre-scour 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 bowls: Older scouring lines consisted of four to five bowls with the total line 

length of about 16-28 meters while modern scouring lines have at least six bowls, and 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 builders: soap was the detergent of choice in the past, but fatty 

alcohol ethoxylates are now more-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 less-damaging. 

¶ Water quality: The presence of multi-valent cations, such as calcium and magnesium 

causes re-deposition of contaminants. 

¶ Production rate: If the rate is too low wool fibers have more freedom to move around and 

can become more entangled. If the rate 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. A de-suint bowl 

temperature should not exceed 30ęC. High temperatures encourage entanglement and can 

lead to fiber damage especially under alkaline conditions. 
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¶ Mechanical action: Mechanical action is needed to facilitate the removal of contaminants, 

however, it can also lead to fiber entanglement. 

¶ Performance of squeeze presses: The speed of the rollers should maintain an even mat of 

wool through the scouring line. 

¶ Drying: After final squeezing in the last bowl, the scoured wool is passed onto the dryer. 

Sometimes a wet opener may be placed prior to the dryer to present wool in a more open 

condition for better drying. If the temperature is too high, then it can damage the fibers, 

especially if an alkaline builder is used. 

3.6.5.2 Problems in carbonizing 

Carbonizing is the chemical process used to remove vegetable matter (VM) such as 

burrs, seeds, grass, etc. (predominantly made up of cellulose, hemicellulose, and lignin) from 

wool by treatment with acid or an acid-producing salt [41,148]. Carbonizing follows a 

traditional scouring process with nonionic detergents, rinsing and acidifying (impregnation of 

wool fiber with 5-7% by mass, approximately 65% wet pick up) sulfuric acid and 1-2 g/l 

detergent at 20-30ęC), drying at 65-90°C to concentrate the acid, baking at 95-125ęC for 1 

minute to char the cellulosic materials, crushing through rollers to remove the charred debris, 

beating (dedusting) by conveying fibers to a rotating shaker 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. Carbonizing may be carried out on wool fibers or fabrics after  



 

190 

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) sulfuric acid solution for 30 seconds and given a time delay of about 10-15 

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, less 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 acid, aluminum chloride, 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 process include the 

following [280]: 

¶ Scouring (depending on the degree of opening, poor scouring may occur); 

¶ Acidification (yellowing of wool and localized damage can occur, also ineffective 

carbonizing can occur at too low acidification); 

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

¶ Drying and Baking (yellowing of wool at high temperatures and poor carbonization of 

VM at low temperatures may be obtained); 
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¶ Crushing and Beating (fiber breakage and loss of fiber can occur with too-severe crushing 

or inadequate removal of VM may be obtained  if crushing and beating is poorly 

accomplished); 

¶ Neutralization (wool pH should be adjusted to be optimal, not too low and not too high, 

this can also affect the subsequent bleaching process). 

Enzymes, such as cellulase, ligninase, hydrolase, lyase and oxidoreductase are being 

increasingly used in lieu of the carbonizing 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 scoured 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 wool mass and consequently local damage may be caused. There is a 

critical point at a temperature of 70ęC in the drying stage and 120ęC in the baking stage 

above which wool hydrolysis increases significantly. Oxygen is not directly involved in 

hydrolysis damage 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 of the fiber 

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  

 



 

192 

fiber damage and requires careful control of dyeing conditions [280]. 

3.6.5.3 Problems in bleaching 

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

described as follows.  

Oxidative bleaching 

Hydrogen peroxide is commonly used as an oxidizing 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 in the presence 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 solution wool is oxidatively bleached at pH 8-10 using 

ammonia with a solution of hydrogen peroxide containing 2-3 g/l stabilizer, such as 

tetrasodium pyrophosphate, sodium tripolyphosphate, sodium silicate, sodium 

pyrophosphate, or a mixture of sodium pyrophosphate and ammonium oxalate for 2 hours at 

50-60ęC. The fiber is 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, and thus silicates and oxalates have been used as alternative 

stabilizers. Hydrogen peroxide and peroxy compounds damage wool fibers, therefore the 

dyeing of bleached wool should not be done at the boil because bleached wool undergoes  
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hydrothermal yellowing faster 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 

acidic conditions, the wool is treated with a solution of hydrogen peroxide containing formic 

acid (2.5 g/l) at pH 4-4.5 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 method is poor but 

adequate for dyeing wool in heavy depths of shade. Bleaching with alkaline and acidic 

hydrogen peroxide at 60°C can be improved by adding 100-200 g/l of urea. This process 

causes lower chemical degradation on wool. If stable bleaching or application of fluorescent 

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 g/l hydrosulfite 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 (II) sulfate heptahydrate in the presence of 3-4 g/l hypophosphorous 

acid (50% H3PO2) which acts as a reducing agent with formic acid at pH 3-3.5 at 80°C. Iron 

acts as a catalyst and enhances the bleaching action. Bleaching conditions are summarized in 

Table 3.10 [1]. A good stabilizer in a peroxide bath is 10 g/l Tetrasodium pyrophosphate 

(diphosphate) at a liquor ratio of 15:1 [280]. 
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Table 3.10. Bleaching conditions for wool pigmented. 

Fiber type H2O2 (35%) ml/L pH 

Temperature 

(°C) 

Time 

(minutes) 

Karakul wool, Cashmere, 

Alpaca, Camel, Yak 

25-45 8-8.5 50-60 45-180 

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

Goat 30-50 8.5 60-70 60-180 

 

Reductive bleaching 

There are several reduction bleaches used in the industry which are described as 

follows: 

¶ Sodium dithionite (hydrosulfite) ï Na2S2O4; CI reducing agent 1 

¶ Sodium formaldehyde sulfoxylate ï Na+ HOCH2SO2; CI reducing agent 2 

¶ Zinc formaldehyde sulfoxylate ï Zn2+ (HOCH2SO2
-)2; CI reducing agent 6 

¶ Thiourea dioxide (4.1; CI reducing agent 11) 

Most wool reductive bleaching is carried out with 2-5 g/l stabilized dithionite at pH 

5.5-6, and 45-65ęC for one hour. For formaldehyde sulfoxylate bleaches the process is 

carried out at pH 3 at a temperature of 90ęC for 30 minutes. This process tends to make wool  
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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 photobleaching of natural pigments 

as a result of exposure to daylight. Therefore, it is good for carpet wools [41,148,150,242]. 

Thiourea dioxide is effective when 1-3 g/l are applied at pH 7, and 80°C for one hour 

with a sequestering agent added to the bath to prevent heavy-metal-catalyzed 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 

[1,148,154,280]. 

Combined oxidation/reduction 

Industry prefers this combination which is sometimes called ñfull bleachò. The 

process starts with oxidative bleaching followed by reductive bleaching because oxidative 

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 removing the peroxide bleach.  

In the second approach, however, the remaining hydrogen peroxide is decomposed by an 

organic catalyst [280]. 

Dye bath bleaching: Wool can be yellowed during dyeing according to bath pH, 

temperature, and time of processing. In addition, a short exposure to light can cause ñyellow 

fadeò to fibers. To prevent these undesirable shade changes dyers add dyebath bleaching  
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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 (metal salts) can enhance the reactivity 

of wool in presence of hydroperoxide leading to fiber degradation [35]. 

Modern methods of bleaching wool are directed towards the control of chemical 

damage during the treatment. Chemical damage generally occurs due to excessive rapid 

decomposition of H202. The reaction of wool with H202 is relatively slow under acidic 

conditions compared with alkaline conditions. The presence of activating reducing agents 

(metal salts) can also enhance the reactivity of normal wools in presence of H202 and can lead 

to fiber degradation. The precautions are exactly the same as those needed in the bleaching of 

cotton with H202. During oxidative damage to wool some of the cystine cross-links (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 yield S-monoxycystyl and S, 

S-dioxycystyl residues. Although sulfite ions react with wool to split the disulfide linkages, 

dissolution does not occur. The reaction is reversible and the maximum extent of reaction 

takes place at around pH 3-4. The mechanism of reaction seems to be nucleophilic attack of 

the disulfide bond by either the bisulfite (HSO3-) or the sulfite (SO3-) ion [47]. 
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3.6.5.4 Problems arising from insect-resist 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 caused by Anthrenus flavipes (LeConte). As a 

result insect 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 insect-resist agents are; 

¶ Effective through the lifetime of wool textile or carpet 

¶ Resistance to hydrolysis in boiling dye baths 

¶ Possess adequate stability to sunlight, laundering, or cleaning 

Commercially-available insect-resist products are listed in Table 3.11 [154]. The 

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

Table 3.11. Commercial products of insect-resist treatments. 

Product/Manufacturer Chemical name Year of introduction 

Mitin FF (Ciba Geigy) Sulcoferon 1939 

Molantin P (Chemapol) Chlorphenylid* - 

Perigen (Glaxo/Wellcome) 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 

Mitin AL (Ciba Geigy) 

Permethrin/Hexahydro 

pyrimidine derivative 

1983 

Cirrasol MPW (ICI, Aust.) Cyhalothrin 1985 

 

*Chlorphenylid products from Ciba Geigy and Bayer were withdrawn from the market in 

1989. 

3.6.5.5 Problems in degumming silk 

There may be three types of damage to silk fibers during the pre-treatment processes. 

Repeated processes and improper handling may cause mechanical damages due to chafing at 

the silk fiber 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 and hydrolysis. 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 causes spotted batches 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, chlorine dioxide 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 10.3), slightly less in mildly acidic (pH 4.0), and not at all in strongly 

acidic conditions [281] . When silk is immersed in a hydrogen peroxide solution, the latter is 

absorbed to an extent which is independent of pH in 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 involving tyrosine. 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 oxidized to yield 

acidic groups which increases solubility [280]. 
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3.6.5.6 Summary and solutions to problems in preparation 

A summary of problems due to various preparation processes and recommended 

solutions is listed in Table 3.12-3.15. 

Table 3.12. Summary and solutions to problems in scouring. 

Problem Possible cause Reasons and Countermeasures 

Reduced 

mechani

cal 

strength 

1. Too high 

alkalinity 

1. Wool is readily degraded in alkaline solutions, 

particularly at high temperature.   

Use sodium carbonate, instead of strong alkalis 

such 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. 

2. Complete 

removal of wool 

wax in scouring 

2. Fiber should retain a small portion of its original 

wax content (between 0.4-0.75%) to avoid 

brittleness during spinning process. 

3. Too high 

temperature 

3. Temperature should not exceed 52°C when sodium 

carbonate is present. If treated with sulfated 

alcohols in the absence of alkali, the 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 Reasons and Countermeasures 

Poor color 

yield 

Presence of extra 

dirt or VM 

1. Bowl temperature is too low 

2. Insufficient detergent 

3. Wrong detergent 

4. Wrong pattern of addition of detergent 

5. High levels of contaminants in scour liquor 

6. Poor rinsing 

7. Poor water quality 

8. Insufficient immersion time (control time to 15-30 

min for this process) 

9. Re-deposition of contaminants 

Comfort 

properties 

Complete 

removal of wool 

wax in scouring 

produces harsh 

handle  

Fiber should retain a small portion (between 0.4-

0.75%) wax to avoid brittleness and retain its 

softness. 
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Table 3.13. Summary of problems due to carbonizing and a list of solutions. 

Problem Possible cause Reasons and Countermeasures 

Local 

damage 

1. Surface acid is not 

evenly distributed 

during drying  

1. Allow about 10-15 minutes delay time before 

drying to allow acid to penetrate into wool fibers. 

Use wetting agents, and surfactant to improve 

and even out acid uptake. 

2. Too strong acid, 

wrong acid type 

(acidizing step) 

2. Use 5-7% (w/v) sulfuric acid, 1-2 g/l detergent at 

20-30°C 

Yellowing 

1. Too high 

temperature 

(baking step) 

1. The treated wool should be baked at 95-120°C for 

1 minute, treatment temperatures above 120°C 

result in significant increases in wool hydrolysis.  

2. Too high 

temperature 

(drying step) 

2. The treated wool should be dried at low 

temperature (60-70°C) very quickly to minimize 

degradation by sulfuric acid of intermediate 

critical concentration. The critical point is 70°C at 

which wool hydrolysis increases significantly. 

3. Too strong acid, 

wrong acid type 

(acidizing step) 

3. Use 5-7% (w/v) sulfuric acid, 1-2 g/l detergent at 

20-30°C. 
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Table 3.13 (continued) 

Problem Possible cause Reasons and Countermeasures 

Reduce 

mechanical 

strength 

1. Too much 

mechanical action 

1. Reduce the tension between fluted rollers in 

crushing and beating stage. 

2. Too high pH 

(Neutralization) 

2. Use ammonium hydroxide solution (2 ml/l 

NH4OH 20%) at LR 40:1 for 30 min at room 

temperature. 

3. Highly acidic 

conditions in dyeing 

3. Carbonizing during dyeing with 1:1 metal 

complex dyes under strong acidic conditions 

requires careful control of dyeing conditions. 

General 

unlevelness 

1. Impurity residues 

1. Poor crushing: Increase tension between 

rollers in crushing stage. 

2. Poor beating: Increase the time for wool to 

pass through rotating shaker. 

3. pH too low (Neutralization): Use ammonium 

hydroxide solution (2 ml/l NH4OH 20%) at 

LR 40:1 for 30 min at room temperature. 

2. Uneven moisture 

content 

A continuous centrifuge may be installed to 

remove moisture content prior to drying. The 

centrifuge provides a lower and more even  
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Table 3.13 (continued) 

Problem Possible cause Reasons and Countermeasures 

  moisture regain distribution. 

 

3. Uneven 

neutralization 

Caused by uneven drying of the material: Installing a 

continuous centrifuge prior to drying can provide a lower 

and more even moisture regain distribution. 

 

Table 3.14. Summary of problems due to bleaching and a list of recommended solutions. 

Problem Possible cause Reasons and Countermeasures 

Reduced 

mechani

cal 

strength 

1. Inadequate 

control of 

oxidative 

bleaching 

with 

hydrogen 

peroxide 

under 

alkaline 

conditions 

1. Stabilizers are necessary to slow down the 

decomposition of both hydrogen peroxide and the 

active bleaching agent. Solutions of hydrogen 

peroxide contain 2-3 g/l stabilizer (e.g. tetrasodium 

pyrophosphate, sodium tripolyphosphate, sodium 

silicate, sodium pyrophosphate) for 2 hours at 50-

60°C, rinse, treat with dilute acetic acid, rinse. Recent 

trends are to reduce processing time to 1 hour, 

silicates and oxalates can be used as alternatives to 

avoid phosphate-containing effluents. 
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Table 3.14 (continued) 

Problem Possible cause Reasons and Countermeasures 

 

 

2. Bleach under weakly acidic conditions using a peracid 

activator (e.g. Prestogen® Activator W Lq. by BASF, 

for 1 hour at 80°C at pH 5), or hydrogen peroxide at pH 

5 for 1 hour at 80°C. Whiteness is poorer but adequate 

for wool dyed to heavy depths of shade. 

3. Acid process has lower chemical degradation on wool: 

Bleach using hydrogen peroxide and formic acid (2.5 

g/l) at pH 4-4.5, at room temperature. 

2. Presence of 

metals 

(iron, 

copper) 

1. For some heavily pigmented wool such as Karakul, the 

use of metal catalysts in a mordanting step prior to 

peroxide bleaching process is required. Mordanting is 

done by applying an Iron (II) sulfate heptahydrate in 

the presence of 3-4 g/l Hypophosphorous acid (50% 

H3PO2) which acts as a reducing agent, with formic 

acid to pH 3-3.5 at 80ęC for 1 hour. Rinsing at 80ęC for 

20 minutes following the mordanting step is very 

important to avoid fiber damage. 

 

 



 

206 

Table 3.14 (continued) 

Problem Possible cause Reasons and Countermeasures 

 

 

2. Hydrosulfite, ferrous sulfate, and ammonium sulfate 

mordanting needs an addition of 4-40% 

formaldehyde to act as a cross-linking agent to 

prevent fiber degradation. In the second stage, 

bleaching is carried out under alkaline conditions 

with hydrogen peroxide. Note that application of 

formaldehyde may introduce health and 

environmental issues and alternative solutions may 

be necessary. 

3. Too long 

processing 

time 

Treatment time depends on bleaching agent and pH. For 

example, oxidatively bleaching wool in alkaline 

hydrogen peroxide solution is done at pH 8-10 using 

ammonia with a 1.5-3 volume solution of hydrogen 

peroxide that contain 2-3 g/l stabilizer, such as 

tetrasodium pyrophosphate, sodium tripolyphosphate, 

sodium silicate, sodium pyrophosphate, or a mixture of 

sodium pyrophosphate and ammonium oxalate and the 

process takes 2 hours at 50-60ęC; the substrate is then  
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Table 3.14 (continued) 

Problem Possible cause Reasons and Countermeasures 

  

rinsed, treated with dilute acetic acid and 

rinsed again. 

General 

unlevelness 

1. Iron salt residues 

(mordanting 

bleaching process) 

for heavy pigmented 

wools (Karakul) can 

cause decoloration 

Need more rinsing or additional reductive or 

oxidative bleaching. 

2. Presence of hydrogen 

peroxide residues 

Use a catalase to destroy peroxide residues 

Comfort 

properties 

Use sulfur containing 

bleaching agents 

(Sodium formaldehyde 

sulfoxylate) causes poor 

handle, and sulforous 

odor, but can produce 

bright shades and 

eliminate yellow fading  

1. Change reductive bleaches to sodium 

dithionite (hydrosulfite) or thiourea 

dioxide which use milder conditions of 

pH 5.5-6 at 45-65°C for up to one hour, or 

use cross-linking agents (such as 1,2-

dibromoethane (CH2Br-CH2Br) or 

ethanediol (glyoxal O=CH-CH=O) 
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Table 3.14 (continued) 

Problem Possible cause Reasons and Countermeasures 

 

due to photo-bleaching of 

natural pigments when 

exposed to daylight. 

2. Use Thiourea dioxide (less fiber damage) 

at pH 7 for 1 hour at 80°C. The active 

bleaching species is sulfuric acid. 

Presence 

of specks, 

stains, or 

spots 

1. Use Hypochlorites as 

bleaching agent 

Oxidative bleaching: Using sodium 

hypochlorite gives a rust color and sodium 

chlorite develops a pink color on wool. 

2. Inadequate removal of 

colored material 

1. Too short a processing time: Level of 

whiteness can be controlled by 

concentration of hydrogen peroxide, 

treatment time, pH, and temperature of 

treatment bath. 

2. Alkaline hydrogen peroxide for 3-5 hours 

at 50°C followed by a treatment with 2 g/l 

sodium hydrosulfite solution to increase 

whiteness level. 
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Table 3.15. Summary of problems due to silk degumming and a list of recommended 

solutions. 

Problem Possible cause Reasons and Countermeasures 

Reduced 

mechanical 

strength 

1. Boiling silk in acid or 

alkali 

Prolonged boiling of silk in water will 

produce slow degradation and hydrolysis. 

The extent of degradation depends on the pH 

of the solutions and is minimal between pH 

4-8. 

2. Uncontrolled oxidation 

of bleaching baths can 

attack silk fiber 

Check and adjust degumming conditions 

Presence of 

specks, 

stains, or 

spots 

Incomplete bleaching 

(uneven) causes spotted 

batches. 

1. Oxidative bleaching using hydrogen 

peroxide (at pH 8-9, to inhibit alkaline 

hydrolysis of fibroin chains), sodium 

perborate (NaBO3) and sodium persulfate 

(Na2S2O8). 

2. Reductive bleaching: Sodium dithionite 

(Na2S2O4), 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 of Mg and Ca soaps. 

Passage of hard water through an ion- 

exchange resin before use will remove the Mg 

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 rinsing time 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 and 

sericin insoluble to an extent depending on the 

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 dyed fiber is to be 

transformed into yarn and/or fabric, small variations in dyeing do not pose major problems 

because blending of the fibers in spinning ensures good mixing. Once grey-state fiber is 

converted to yarn, migration of fiber 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 formed cannot be easily 

rectified, thus the situation becomes so complicated in some cases that the dyed fabric is 

ultimately over-dyed to black shades. The widths of fabric pieces to be joined must be 

identical and stitching should be free from faults to obtain level shades [282]. 

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 damage 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 have dye-sites that under 

acidic conditions become protonated (-NH3+) in their main polymer chain which are 

attractive to acid/metal complex dyes. Basic-dyeable sites can also be made on protein fibers 

under suitable conditions but basic dyes exhibit poor light fastness properties [282]. 
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3.6.6.1 Problems in dyeing with acid dyes 

Wool is a heterogeneous substrate made up mainly of amphoteric proteins. It may be 

colored with a variety of water-soluble dyes, and in practice it is dyed and printed with 

sulfonated dyes termed ñacid dyesò. As the dye-manufacturing and the dye-using industries 

grew more sophisticated these dyes were modified by increasing their molecular size to give 

better wash- and light-fastness properties. Thus acid-milling, chrome, pre-metallized, and 

reactive dyes were developed and used in various application sectors. Figure 3.11 shows an 

example of mechanism of acid dyes interaction with protein fibers and typical structures of 

some acid dyes [280]. 

Acid dyes are mostly sulfonic 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 properties 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 sections [282]. 
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Figure 3.11. An example of mechanism of acid dyes interaction with protein fibers 

and a few typical structures of acid dyes. 

 

 

 

NH2 H NH3
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Acid leveling or equalizing dyes 

These dyes are adsorbed rapidly at pH 2-3 even at 40ęC from a dye bath containing a 

strong acid such as H2SO4 (3.5%, 168o Tw) and Glauberôs salt (10-20%). Goods are entered 

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 45-60 min. They produce mostly level shades and exhibit 

poor wash fastness properties because of their low molecular weight and high water 

solubility. This can be improved through suitable post-dyeing treatments [282]. The general 

application process for these dyes as well as their properties can be summarized as follows: 

Due to the low relative molecular mass (r.m.m) of leveling acid dyes which is 

typically between 300-500, the dyes rapidly diffuse into and out of the fiber in a boiling bath, 

Therefore, any 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, or other auxiliaries, 

dyebath pH, and the number of solubilizing groups on the dye molecule. The dyes are 

applied from an acid dyebath at pH 2.5-3.5, and control of dye uptake is achieved with 

sodium sulfate (Glauberôs salt). A typical time/temperature profile for the application of acid 

leveling dyes is shown in Figure 3.12 [47]. 



 

215 

 

Figure 3.12. A typical time/temperature profile for application of acid leveling dyes. 

 

The excellent migration properties of leveling acid dyes allows them to be used on 

substrates that are difficult to penetrate; and overcome challenges with  dyeing machines that 

have limited dye liquor-substrate interaction such as the single stick hank dyeing machines 

for carpet yarns, and winch machines which have limited liquor and substrate interaction 

[47]. 

Milling dyes 

These dyes possess higher wash fastness than acid leveling dyes but do not migrate 

well. The dye bath is set at pH 4.5-5.5 using CH3COOH (1-3%) and Glauberôs salt (10%) at 

50ęC. The temperature is then raised to the boil over a period of 45 minutes and kept at the  
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boil for 30-60 minutes at pH 5.2-6.2. Wash fastness is good due to the high molecular weight 

of the dyes imparting low solubility. Leveling is moderate as the affinity of the dye anion for 

the fiber is higher [282]. 

The milling acid dyes have higher r.m.m than leveling acid dyes, typically around 

500-700, and have better wash fastness properties as well. These dyes are widely used for 

applications that require good migration and superior wash fastness than leveling acid dyes. 

They are used on medium to heavy shades of wool yarns and fabrics. These dyes require 

higher dyebath pH (4.5-5.0) and the use of a leveling agent, typically mildly cationic ones. 

Their application profile is similar to that for leveling acid dyes, however, the dyebath 

constituents are different. A typical time/temperature profile for the application of milling 

acid dyes is shown in Figure 3.13 [47]. 

 

 

Figure 3.13. 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 due to weathering of the tip, and results in a so called 

tippy dyed wool. These fibers can be dyed with acid milling dyes. The addition of 1.0-2.0% 

formic acid is needed in the dyebath after 30 minutes at the boil and then dyeing is continued 

at the boil for another 30 minutes. Faulty shades can be corrected by cooling the dyebath to 

60-70°C and addition of pre-dissolved dyes for 5 minutes, and then returning to boil and 

boiling for another 30 minutes [47]. 

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 60ęC with ammonium acetate (CH3COONH4) or ammonium sulfate (2-

5%) at pH 6-7. 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 exhibit poor leveling properties 

because of their very high affinity and consequent high strike rate for fiber [282]. 

The r.m.m range for this class of dyes is typically around 600-1000 and the dyes 

contain two or more solubilizing groups. The dyes contain an additional hydrophobic alkyl 

chain that increases dye-fiber 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 of óselfô shades that are based primarily on a single  
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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 metal-complex 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 substrate-dye liquor contact to produce uniformity of 

shade. Normally a weakly-cationic 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 acid-donor compounds, 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 greater drop in dyebath pH; these products are very useful in the 

application of acid milling, 1:2 metal-complex, and reactive dyes to substrates such as knitted 

garments [18]. A typical time/temperature profile for the application of super-milling acid 

dyes is shown in Figure 3.14 [283]. 
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Figure 3.14. 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 leveling dyes develop uniform shades with poor wash fastness, while milling and super-

milling dyes produce fast shades. If fastness needs to be improved, after-treatment with metal 

salts such as copper and chromium salts may be necessary, and in such cases dyes with 

chelating sites are preferred (however, 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, and leveling agents [282]. 
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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 dye and the fiber. 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 Langmuir-type 

isotherm), and hydrophobic forces (such as those governing the bonding of disperse dyes on 

synthetic fibers, based on a Nernst-type isotherm) [282]. 

Exhaust dyeing is widely carried out under neutral or acidic pH. Dyeing is started at 

40-45ęC followed by the addition of CH3COOH (2-4%), and Na2SO4 (5-10%) in the bath to 

maintain pH 4-5. Dye is then added and dyeing is continued for 10 minutes. The temperature 

then is raised to 80-85ęC over a period of 45 minutes; dyeing at higher temperatures reduces 

silkôs luster. Dyeing is continued for a further 30-90 minutes to promote diffusion of the dye 

into the fiber to improve wash- and rubbing-fastness. A thorough wash is needed to remove 

superficial dyes. Strong acid dyes can also be applied at pH 3-4 using 1-3% HCOOH (85%) 

and 5% Glauberôs salt (which is sodium sulfate decahydrate, Na2SO4Ę10H2O), 1-3% 

HCOOH (85%) and 5% pH 4-5. Dye is then added and dyeing is continued to moderate wash 

fastness, which can be improved by treatment with a cationic dye-fixing agent (2-4 g/l) at 40-

50ęC for 20 minutes. Acid dyes show poor coverage on silk necessitating topping with basic 

dyes to produce level brilliant shades [282]. 
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3.6.6.2 Problems in dyeing with metal-complex dyes 

Metal complex dyes are suitable for dyeing un-neutralized carbonized and acid-milled 

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 deep shades. The dyes 

are commonly applied to wool in a strong acid dyebath (pH 2).The dyes possess excellent 

migrating and leveling character. When un-neutralized carbonized or acid-milled wool is 

dyed, the H2SO4 content should be determined and the total quantity of acid used for dyeing 

should be adjusted accordingly. Hard water may affect the quantity of H2SO4 required, 

chelating agents are unsuitable due to de-metallization of some dyes. Prolonged boiling at 

low pH can impart fiber damage, hence reduced amounts of H2SO4 or a proprietary leveling 

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 Figure 3.15 [47]. 
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Figure 3.15. An example of a typical time temperature profile for the application of 1:1 

metal-complex dyes (Neolan®, Huntsman).  

Pre-metallized dyes 

To avoid the complications associated with the reaction of metals with dyes 

possessing chelating sites in the dyehouse itself, dye manufacturers in many cases supply 

pre-metallized dyes to the dyeing sector. A reaction of 1 atom of metal with 1 dye molecule 

produces a 1:1 metal-complex dye. All the valencies of a metal are not coordinated with only 

one dye molecule and so unsaturation exists in this dye complex, leading 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% H2SO4). Shades are bright and matching is 

simple compared to mordant dyes, due to the absence of a dulling effect caused by the wool- 
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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 presence of ïSO3H groups in dye structure. Dyeing at the boil 

gives the final color. Figure 3.16 shows the chemical constitutions of some typical metal 

complex dyes [28]. 

The acid dose may be decreased by half by applying cationic leveling agents such as 

Palatine Fast Salt O (IG), or Neolan Salt II (Ciba), which are fatty alcohol-ethylene oxide 

condensates having a general formula of: CH3-[CH2]x-O-[CH2-CH2O]-H.  

The complex is adsorbed by the fiber at the boil and breaks down to release the 

leveling agents. Thorough washing and neutralization at the end of dyeing are essential to 

remove acid from the fiber [282]. 
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Figure 3.16. Chemical structures of 1:1 (CI Acid Blue 158) and 1:2 metal complex dyes (CI 

Acid Violet 90 and CI Acid Black 60).  

 

Exhaustion of 1:1 metal complex 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 containing -SO3H 

groups, dye exhaustion is poor; being salts of strong acids, these dyes have too little 

substantivity for the fiber [282].  
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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 color-fastness properties and shades are 

reproducible. They ionize in water, though their solubility in water is lower than their 1:1 

counterparts. Inclusion of water solubilizing groups such as ïSO2-CH3, -NHCOCH3 or -SO3-

CH2 improves dye solubility in the bath. The dyes are applied from mild acidic or neutral 

dyebaths. The degree of exhaustion and wash fastness are functions of the molecular weight 

of the dye which is around 600 [282].  

The degree of dye migration depends on the nature of dye and fiber and on dyeing 

temperatures being held below 82ęC, beyond which migration decreases. The rate of dye 

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 the rate 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 done at the boil after 

adding ammonia to raise the pH to slow down the rate of exhaustion. Electrolyte alone is not 

capable of imparting a retarding or leveling action without the presence of leveling agents 

such as Lyogen® (Archroma), which help promote the leveling effect [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 significantly. After-treatment with a  
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cationic dye-fixing agent (2-4 g/l) at 40-50ęC for 15-20 minutes helps improve wash fastness. 

Metal-complex dyes adsorbed on silk inhibit little, if any, migration on the surface of the 

fiber, due to the high stability of the dye-fiber linkages, and often produce dull shades with 

good light and wash fastness [282]. 

Chrome (mordant) 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 dye-mordant-fiber 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 increased greatly 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 only by pre-mordanting [282]. 

Poor wash fastness of dyeings with acid dyes (specifically acid leveling dyes) is due 

to the smaller size of the dye molecules and the relatively weak ionic attachments 

established. Mordanting 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 

methods are classified as on-chrome, meta-chrome, and after-chrome processes. These are  
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described in the following sections [282].  

¶ All ñon chromeò methods are a two bath process and expensive, where usually only one 

lot of material is chromed, washed-off, 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 during dyeing are 

observed [282]. 

¶ The metachrome method is suitable for milling and super-milling acid dyes with 

chelating sites, which exhaust well at pH around 6-8.5. Dye and mordant are 

simultaneously applied from the same bath with no initial reaction. Once they are 

exhausted on the substrate, dye-mordant 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 precipitation of the compound. Pretreated wool is treated with 

chrome mordant (2-5%), Glauberôs salt (5-10%), and surfactant (0.5 g/l), at a temperature 

of 40-50ęC, for a period of 20 minutes.  Dissolved dye is then added, temperature is 

raised to the boil over a period of 45 minutes and dyeing is continued at this temperature 

for 60-90 minutes. Exhaustion may be improved by adding 0.5-1% acetic acid (40%) or 

0.25-0.5% 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. CrO3 is reduced to Cr2O3 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  



 

228 

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 6.0-8.5, 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 shades 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, 

exhaustion of dye remains incomplete, particularly with deeper shades, thus black, navy 

blue, and other deep shades are seldom dyed via this method [282]. 

¶ The afterchrome dyeing method is the most widely used technique for the 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 either prechrome 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 of afterchrome 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 impractical, except for very major 

adjustments, shading additions are often made with milling or 1:2 metal-complex dyes.  
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These products will have sufficiently good wet fastness properties at the low levels 

employed, but it must be ensured that the dyes used do not interact with 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 of K2Cr2O7 (1-2%) in the same bath at 

60-80ęC before any formic acid provides an opportunity for the chroming agent to 

exhaust uniformly. At low pH, dichromate ions have a strong affinity for the wool fiber, 

and if added at pH 3.5ï3.8, they might exhaust too rapidly, leading 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 dyeing [47,282]. 

In the case of silk, 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 dye-chromium complexes. The dye-mordant reaction or chelation 

requires presence of salt-forming groups, such as hydroxy or nitroso groups as well as the 

presence of oxygen-, or nitrogen- containing groups, such as carbonyl, carboxyl or azo 

groups [282]. Hence, a lone-pair electron can be donated to the chromium atom. The dye 

bath is set up with Glauberôs salt (10%) and acetic acid (4%). The temperature is raised to 

50ęC and silk is entered in the bath, the temperature is then raised to 90ęC over 30 minutes 

after which formic acid (2%) is added for complete exhaustion of the dye. 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 30ęC followed by washing and drying. The amount of mordant 

required depends on the number of dye molecules in the fiber 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 by a silk fabric when it is handled. Mordant dyeing is thus 

restricted in the case of silk [282]. 

Most dyeings with mordant dyes use a two-bath or two-stage process and produce 

shades lacking in brightness. Shade changes can cause matching issues. Other issues include 

maintenance of pH and poor rubbing fastness due to deposition of a part of the complex on 

the dyed fiber surface. Dyes suitable for various chrome methods are as follows [282]: 

¶ CI Mordant Black 11, e.g. Eriochrome Black T (Bluish black); CI 14645 

¶ CI Mordant Black 9, e.g. Chrome Black PV (Black); CI 6500 

¶ CI Mordant Red 7, e.g. Chrome Red B (Bluish red); CI 18760 

¶ CI Mordant Brown 33, e.g. Acid Chrome Brown RH (Yellowish brown); CI 13250 

¶ CI Mordant Orange 6, e.g. Acid Chrome Orange G (Reddish orange); CI 26520 

¶ CI Mordant Green 17, e.g. Acid Chrome Green G (Bluish green); CI 17225 

¶ CI Mordant Blue 3, e.g. Chrome Cyanine RLA (Bright reddish blue); CI 43820 

¶ CI Mordant Red 9, e.g. Chrome Red B (Bluish Red); CI 16105 

¶ CI Mordant Red 19, e.g. Chrome Red 5G (Bright red); CI 18735 
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¶ CI Mordant Yellow 8, e.g. Chrome Yellow 3R (Reddish yellow); CI 18821 

¶ CI Mordant Yellow 10, e.g. Chrome Yellow 2G (Greenish yellow); CI 14010 

¶ CI Mordant Violet 28, e.g. Omega Chrome Brilliant Violet B (Bluish violet); CI 43570 

To summarize chrome dyes behave similarly to acid leveling dyes. They are 

relatively easy to apply to all wool substrate types and produce good shade levelness. 

Chrome dyes were used 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, they were mainly 

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 methods of mordants 

included pre-chrome and meta-chrome, however, the after-chrome process is now almost 

universally used. The after-chrome dyeing produces better fastness than the other two 

methods, however the main disadvantage of after-chrome dyeing is that the 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 temperature profile for the application of 

chrome dyes is shown in Figure 3.17 [47]. 
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Figure 3.17. Typical time/temperature profile for the application of chrome dyes according to 

the after-chrome process. 

The addition of dichromate at 70°C before any formic acid provides 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 and piece dyeing. Levelness in chroming may be 

overcome by chroming in a fresh bath starting at 40-50°C. This method produces greatly 

reduced chromium effluent residues [47]. 

Low-chrome dyeing is a method that is proposed to minimize the levels of residual 

chromium (VI) in effluent. However, even with the best methods, the level of extractable 

chromium (III) is insufficient to meet the requirements of some eco standards such as Öeko-

Tex 100 [47]. However, a brief description of several approaches for low-chrome dyeing 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 range of 3.5-3.8 at which 

the lowest residual amounts of both chromium (III) 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 [284]. 

¶ Rinsing and alkaline aftertreatment baths can significantly contribute to discharged 

chromium levels [285]. 

¶ Addition of reducing/complexing agents, such as sodium thiosulfate and lactic acid, to 

the chroming bath can also minimize the residual chromium levels [286,287]. 

¶ The use of sulfamic acid to replace formic acid in the chroming bath has been proposed 

as an alternative approach to reducing chromium levels [288]. 

¶ Dyeing and chroming at 90°C is reported to be beneficial in terms of reduced fiber 

damage when comparing to conventional dyeing and chroming at the boil [289]. 

¶ Alternative mordants, such as rare earth salts (neodymium and cerium chlorides may be 

applied prior to dichromate. The dye-rare earth complex is converted to the chromium 

complex, which allows very low additions of dichromate to be employed [290].  

¶ Chromium (III) salts may be employed with aïhydroxycarboxylic acid ligands to form 

anionic complexes which are substantive to wool fibers [291]. 
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3.6.6.3 Problems in dyeing with basic dyes 

Basic dyes possess a cationic group in their structures which 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 of ïCOOH groups in the fiberôs 

polymeric chains. Dye cations form ionic bonds with these sites. When ïCOOH groups in the 

fiber are ionized, negative sites are developed in the fiber which are attractive to cations of 

basic dyes. Because the counter-ion in basic dyes is generally the chloride ion, the following 

happens: 

Dye+-Cl-  + Fiber-COOH-   Ÿ  Dye+ Fiber-COO-  + HCl 

HCl is formed as a by-product which retards the reaction between dye and fiber and 

improves dyeing levelness. Protein fibers retain moisture (H2O) which on reaction with 

atmospheric oxygen produces H2O2 and this in turn oxidizes 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 ability to react 

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 dyeing in acidic baths [280,292]. 

Examples of the chemical constitutions of some typical basic dyes are shown in Figure 3.18 

[28]. 
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Figure 3.18. Chemical structures of some typical basic (cationic) dyes. 

 

 An example of a typical time temperature profile for the application of basic dyes is 

shown in Figure 4.9 [293]. 
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Figure 3.19. An example of a typical time temperature profile for the application of basic 

dyes (Astrazon®, DyStar).  

 

3.6.6.4 Problems in dyeing with direct dyes 

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 dye molecules 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 are relatively 

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 lower compared to some of the 

other dye classes. Examples of chemical constitutions of typical direct dyes are shown in 

Figure 3.20 [28]. 

 

 

Figure 3.20. Constitutions of typical direct dyes. 1, CI Direct Red 16 (27680); 2, CI Direct 

Blue 93 (22810); 3, CI Direct Green 28 (14155); 4, CI Direct Blue 106 (51300). 
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If hard water is used, a chelating agent such as ethylene diamine tetra acetic acid 

(EDTA) is used to remove the calcium and magnesium ions. Dye molecules exist as dye 

aggregates and during dyeing these aggregates are broken down to promote dye uptake and 

level shades. Dyes retain negative charges in the bath and the dye-fiber interactions are of 

various types including H-bonds, van der Waals forces and ionic bonds with positively-

charged protein fibers. Factors influencing dye uptake include the following [282]: 

¶ Temperature; 

¶ pH; 

¶ Electrolyte; 

¶ Liquor ratio; 

¶ Time of dyeing; and 

¶ Affinity of dye. 

Protein fibers contain ïNH2 and ïCOOH terminal groups at opposite ends of the 

polypeptide chains. When wool or silk is dipped in an acidic bath, -NH2 groups are 

protonated to form ïNH3
+ and dye anion (Dye-SO3

-) react with ïNH3
+ groups to establish 

ionic bonds. Thus direct dyes can react with protonated ïNH2 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. Concentration of electrolyte depends on the depth of shade to be developed, for 

example [282]: 



 

239 

¶ 5 g/l for light shades; 

¶ 10-20 g/l for medium shades, and  

¶ 30-50 g/l, (Ó 3%) for deep shades. 

In the case of silk, the dyes are attached by electrostatic bonds to protonated amino 

groups (-NH3
+) of the fiber while the dye anion (RSO3

-) may also form hydrogen bonds with 

the fiber. Direct dyes generate higher light fastness than acid dyes, and some shades possess 

excellent brightness even without after-treatments [282].  

Direct dyes which are poorly exhausted at neutral pH are applied in presence of 

CH3COOH (2-5%) and Na2SO4 (10-20%). Dyeing is started at 40ęC and the temperature is 

then raised to 90ęC and dyeing is continued for 45-60 min. The use of ammonium acetate or 

sulfates in place of acid produces good levelness of shades. For light coolers, dyeing is 

started in a weakly-alkaline dyebath containing NaCl (5-10%) at 40ęC for 30-45 min. For 

medium and deep colors, dyeing is carried out in the presence of acetic acid (5 g/l) and 

Na2SO4 (10-20%) at 40ęC for 15 min and then raised to 90ęC for 45-60 min [282]. 

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. Depending on the dye structures, direct 

dyes alone can be used to dye both fibers. When producing heavy shades with direct dyes, 

large quantities of Glauberôs salt (up to 60 g/l) is needed to achieve a satisfactory build-up of  
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color on cotton. Cooling the dyebath to 60°C prior to rinsing can improve uptake of dye on 

cotton parts. The use of a blocking agent is recommended to minimize cross-staining the 

wool by direct dyes. These auxiliaries are normally large molecular weight aromatic 

sulfonates which exhaust on to the wool and restrict the uptake of direct dye. High wash 

fastness can be achieved through after-treatment at 50-60°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 Figure 3.21 [28]. 

 

 

Figure 3.21. Typical time/temperature profile for the application of direct dyes. 
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3.6.6.5 Problems in dyeing with reactive dyes 

Reactive dyes give bright coolers with good color fastness to washing and good light 

and perspiration fastness properties because of the reaction of the dye with the ïNH2 group 

of the fiber. Silk should be thoroughly degummed before dyeing otherwise any residual 

sericin may react with the dye and create poor wash fastness. Silk can be 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 is slowly raised to 50ęC and dyeing is continued for a 

further 30 minutes. Fixation is done by adding Na2CO3 (6-8 g/l) at 50ęC. Examples of 

reactive groups present in various dyes applicable to protein fibers are shown in Figure 3.22 

[28]. 

 

Figure 3.22. 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 (5-7) and good wash fastness 4-5. Affinity of reactive dye for wool is very high 

which can pose problems for the production of level shades. Non-uniform initial adsorption 

of dye on fiber must be avoided with addition of nonionic surfactants. Dye-fixing agents are 

only applied during the last wash to avoid staining and to improve wash fastness. The 

dyebath is prepared with dye, 2-5%, acetic acid (30%) and nonionic dispersing agent (2%). 

For light shades, ammonium acetate or ammonium sulfate (1-3%) may be used instead of 

CH3COOH. Wool is entered in the bath and the temperature is raised to 90-95ęC over a 

period of 45 minutes. The process gives excellent results on woolen yarns in package form as 

well as on knitwear [294]. 

Vinyl sulfone dyes exhibit excellent light and perspiration fastness with maximum 

fixation at pH 7-8. Dye sorption is not dependent on the number of protonated ïNH2 groups 

on silk. Addition of electrolyte improves both exhaustion and fixation of dye while addition 

of urea decreases the rate of fixation [295]. 

Bromo-acrylamido dyes give bright shades, high reactivity, and good all-around 

fastness. In the cold pad-batch method, silk fabric is padded with dye solution containing 

sodium alginate (10 g/l) and Na2CO3 (pH 10) and stored for 24 hour at 25-30ęC, where an 

average fixation of 80-90% is achieved. In continuous dyeing processes padded fabric is 

steamed for 2 min at 100-102ęC for fixation. The fixation ratio and dye fiber bond stabilizers 

are the two important factors that determine the wash fastness of dyeings [130,282,296]. 
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A specific class of reactive dye systems was developed which 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. Lewis [279] proposed a two-stage method for 

dyeing wool with all types of reactive dyes whereby  the initial level-dyeing period is carried 

out under acidic conditions, during which controlled dyeïfiber reaction occurs; then, as soon 

as a bath temperature of 100°C is reached, the acid disappears from the system through a free 

radical decomposition 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 

absorption 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, they are rapidly 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 from the carboxylic acid group) [47]. 

In the case of silk, reactive dyes produce bright shades with good wash-, light-, and 

perspiration fastness, due to their reaction with ïNH2 groups of the fiber. A covalent bond is 

formed between the reactive groups of the dye and nucleophiles in the fiber. Weighted silk 

can also be dyed, but color build-up is poor. Maximum fixation of dichlorotriazine dyes on 

silk occurs in weakly acidic medium at 60oC over a period of 2 hours. Dye uptake depends  
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on free ïNH2 and -NH groups of histidine, and fixation can be increased by after-treating 

with 2% aqueous pyridine or 1% sodium bicarbonate to enhance reaction of dye with 

hydroxyl groups of tyrosine, serine, and threonine. Silk could be dyed at 70ęC for 1 hour at 

pH 5.6 in presence of Na2SO4 (4 g/l). These dyes can also be applied at low temperature in 

pad-batch method, in which fabric is padded with dye solution at pH 8 and then treated for 5 

hours at 20-22ęC, followed by cold and hot wash, soaping at 65ęC for 15 minutes with a final 

cold wash [285]. An example of a typical time temperature profile for the application of 

reactive dyes is shown in Figure 3.23 [297]. 

 

 

Figure 3.23. Typical time/temperature profile for the application of reactive dyes. 

 

3.6.6.6 Problems in dyeing with vat dyes 

Vat dyes are water insoluble and nonionic. They are converted to leuco compounds 

by reduction followed by solubilization with alkali. Figure 3.24 shows the structure of CI Vat 

Red 42 dye together with its leuco and acid forms as well as the structure of CI Vat Blue 4  



 

245 

dye as typical examples that can be applied to protein fibers [28]. 

 

 

Figure 3.24. CI Vat Red 42 (1); leuco compound formed by reduction (2); vat acid formed by 

protonation of the anionic leuco derivative (3); CI 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 H-bonds and van der Waals forces. The sublimation temperature of the dyes 

is very high and they exhibit excellent fastness properties. Vat dyes, however, are expensive, 

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 damage silk if the bath is heated up [298]. 

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 

severe 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 is off-shade, the wool 

component can be adjusted in shade through the addition of selected acid dyes to the soap-off 

process [47]. An example of a typical time temperature profile for the application of vat dyes 

is shown in Figure 3.25 [28]. 

 

 

Figure 3.25. Typical time/temperature profile for the application of a quinone vat dye. 
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3.6.6.7 Problems 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 shows variations in texture 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 shell-fish by an elaborate series of 

processes. Figure 3.26 shows the structure of indigo which is the most widely used natural 

dye in industry [300].  

 

H  

Figure 3.26. 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 the presence of 

tannins which act as natural mordants. Dye assistants include the following [130,282]: 
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¶ Acetic acid; to neutralize calcareous water; 

¶ Cream of tartar; to brighten colors when used with mordants; 

¶ Na2SO4: to control level dyeing; and 

¶ Use of boiled-off 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 the beauty 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 after-treatment of dyeings with 

K2Cr2O7, Na2Cr2O7, or CuSO4 [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 diluents and other 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 products that have been produced to 

meet a specific shade, fastness or application requirement [47]. 

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 the latter decades 

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 fastness properties. A benefit of such dye ranges 

was their ability to be applied, with specifically selected leveling agents, 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 process for all shades. The advantages included 

reduced dye inventory and simplicity of process selection. Typical commercial classes 

included Lanaset® introduced by Huntsman, and Optilan® MF from Archroma [47]. 

In order to improve the reproducibility of dye combinations the following 

characteristics should be carefully examined; 

¶ Robustness: Dyes should not be affected by slight changes in processing conditions for 

example pH, liquor ratio, temperature, or time. 

¶ Compatibility: Dyes should function in combination as if they were applied as single 

dyes 

¶ Stability: Dye should be not readily influenced by contaminants in the water supply or on 

the substrate 

¶ Consistency: Dyes should be insensitive to slights change sin substrates quality 

Dye selection is based on dye performance and cost-effectiveness. Obtaining a 

complete color gamut that can be matched on any one substrate using the minimum number 

of dyes is a major consideration in dyersô purchasing policy. For specific fiber types, dye 

selection should be based on dye combinations and cross-staining 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, four- or five-membered 

combinations are occasionally 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 approaches [302]; 

1. A trichromatic combination of bright dyes plus a small range of support dyes 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 of compatible 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 rate, rate of substrate movement, 

etc.), application techniques to achieve level dyeing properties, and fastness properties (to 

subsequent processing, effect of chemical finishes, and end-use requirements) [302]. 

3.6.6.8 Summary and solutions to problems in dyeing 

A summary of problems due to dyeing with various dyes as well as a list of 

recommended solutions is given in Table 3.16-3.21. 
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Table 3.16. A summary of problems in dyeing with acid dyes and recommended solutions. 

Problem Possible cause Reasons and Countermeasures 

General 

unlevelness 

Use of /super 

milling acid 

dyes 

Use /milling acid dyes, or leveling acid dyes. 

Inadequate 

fastness (washing, 

rubbing, 

perspiration, 

chlorine, and 

light) 

Poor wash 

fastness: Use 

of leveling 

acid dyes 

Change to milling acid dyes, or super milling acid 

dyes. If levelness and fastness are both required, 

then after-treatment with metal salts, and dyes with 

chelating sites are preferred. 

Adverse changes 

in appearance 

(Cracks, creasing, 

felting in the 

dyeing of wool 

and dimensional 

instability)  

Too high 

temperature: 

Reduce lustre 

appearance of 

silk. 

Super milling dyes: Dyeing is carried out at neutral 

or acidic pH, start at 40-45ęC followed by addition 

of CH3COOH (2-4%), and Na2SO4 (5-10%) in bath 

to maintain a pH 4-5. Dye is added and dyeing 

continues for 10 min. Temperature is raised to 80-

85ęC in 45 min. Dyeing at higher temperature 

beyond this reduces silk lustre. Dyeing is continued 

for further 30-90 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 metal-complex dyes and recommended 

solutions. 

Problem Possible cause Reasons and Countermeasures 

General 

unlevelness 

Use of 1:2 

metal-complex 

dyes 

The degree of migration depends on temperature 

(below 82ęC, beyond which it decreases), nature of 

dye and fiber. 

Rate of exhaustion depends on pH, temperature, and 

agitation of the bath. An optimum pH around 6.5 at 

boil may be sufficient for level dyeing with 

maximum dye uptake. To increase the rate of dyeing, 

pH may be lowered to 4 or below. 

Due to poor migrating power, agitation is needed 

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 pH 

to slow down the rate of exhaustion. Salt alone is not 

capable of any retarding or leveling action without 

the presence of leveling agents, e.g. Lyogen® 

(Archroma) helps promote the leveling effect. 
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Table 3.17 (continued) 

Problem Possible cause Reasons and Countermeasures 

Inadequate 

fastness 

(washing, 

rubbing, 

perspiration, 

chlorine, and 

light) 

Poor rubbing, 

milling, light 

fastness: Use of 

1:1 metal-

complex dyes 

Use dyestuffs which have good light fastness, for 

example: Leveling acid dyes, 1:2 metal complex 

dyes 

Dull shades 

Use of 1:2 metal-

complex dyes. 

1:2 Metal-complex dyes adsorbed on silk inhibit 

marginal migration due to high stability of the dye-

fiber linkages and produce dull shades with good 

light and wash fastness. Dye silk 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 significantly. After-treatment with 

cationic dye-fixing agent (2-4 g/l) at 40-50ęC for 

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 cause Reasons and Countermeasures 

General 

unlevelness 

Use of 

reactive dyes, 

affinity of 

reactive dye 

for wool is 

very high 

posing 

problems on 

production of 

level shades. 

Non-uniform initial absorption of dye on fiber must be 

controlled with nonionic surfactants. Dye-fixing agents 

are only applied during the last wash to avoid staining 

and to improve wash fastness. Bath is prepared with 

dye, 30% CH3COOH (2-5%) and nonionic dispersing 

agent (2%). For light shades, CH3COONH4 or 

(NH4)2SO4 (1-3%) may be used instead of CH3COOH. 

Wool is entered in bath as temperature is raised to 90-

95ęC over a period of 45 min. The process gives 

excellent results on woollen yarn in package form as 

well as knitwear. 

Inadequate 

fastness 

(washing, 

rubbing, 

perspiration, 

chlorine, and  

Poor wash 

fastness: Use 

of reactive 

dyes with silk 

Silk can be dyed in either alkaline or acid conditions. In 

the alkaline method, dye bath is comprised of dissolved 

cold brand dye and NaCl (10%) at room temperature 

for 30 min after which temperature is slowly increased 

to 50ęC and dyeing is continued for further 30 min. 

Fixation is done by adding Na2CO3  
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Table 3.18 (continued) 

Problem Possible cause Reasons and Countermeasures 

light)  

(6-8 g/l) at 50ęC over 40 min. Shading can be affected by 

addition of dye to the alkaline bath. A final wash-off with 

soap or a synthetic detergent at 90-95ęC completes the 

process. Hot brand dyes can be used in the same way, but 

the fixation temperature is 70ęC. 

Poor 

colour 

yield 

Use of reactive 

dyes: Building-

up of shade is 

not satisfactory 

with silk. 

Maximum fixation of dichlorotriazine dyes occurs in 

weakly acidic medium at 60ęC in 2 hours, dye uptake 

depends on free ïNH2 and ïNH groups of histidine, 

fixation can be increased by after-treating with 2% aqueous 

pyridine or 1% sodium bicarbonate to enhance reaction of 

dye with hydroxyl groups of tyrosine, serine, and 

threonine. Silk could be dyed at 70ęC for 1 hour at pH 5.6 

in presence of Na2SO4 (4 g/l). 

These dyes can also be applied at low temperature in pad-

batch method, in which fabric is padded with dye solution 

at pH 8 and then treated for 5 hour at 20-22ęC, followed by 

cold and hot wash, soaping at 65ęC for 15min with a final 

cold wash. Impregnating fibers in diethylphthalate at 90ęC  
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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 cause Reasons and Countermeasures 

General 

unlevelness 

Dye 

precipitation, 

use of 

metachrome 

dyes 

Complete exhaustion may be obtained by adding 0.5-

1% of CH3COOH (40%) or half the amount of 

HCOOH (85%), 30 min before dyeing is completed. 

(NH4)2SO4 may be substituted with CH3COONH4 

when using dyes known to cause uneven dyeing. 

Inadequate 

fastness 

(washing, 

rubbing, 

perspiration, 

chlorine,  

Poor rub 

fastness: Dye 

precipitation, 

use of 

metachrome 

dyes.  

Pretreated wool is treated with chrome mordant (2-

5%), Glauberôs salt (5-10%), surfactant (0.5 g/l), at 40-

50ęC, for 20 minutes. Dissolved dye is added, 

temperature is raised to the boil over a period of 45 min 

and continued at temperature for 60-90 min.  
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Table 3.19 (continued) 

Problem Possible cause Reasons and Countermeasures 

and light) 

Conditions are 

not maintained 

properly 

during 

exhaustion, 

dye and 

mordant will 

react in the 

dyebath and be 

precipitated. 

Maintaining at pH 6-8.5 helps minimize damage to wool 

too. 

Dull shades 

Use of 

mordant dyes: 

Dulling effect 

caused by 

wool-

chromium 

complex. 

Dye bath is set up with Glauberôs salt (10%) and acetic 

acid (4%). Temperature is increased to 50ęC and fabric is 

entered in the bath, temperature is increased to 90ęC over 

30 min after which formic acid (2%) is added for 

complete exhaustion of dye. Dyeing continues for 

another 15 minutes and then dried without washing. 

Mordanting is done with a 3% solution of mordant for 15 

hours at 30ęC followed by washing and drying, amount  
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Table 3.19 (continued) 

Problem Possible cause Reasons and Countermeasures 

  

of mordant required depends on number of dye 

molecules on fiber as the chelation occurs at 

stoichiometric ratio. 

Adverse 

changes in 

appearance 

(Cracks, 

creasing, 

felting in 

the dyeing 

of wool and 

dimensional 

instability) 

Use of 

mordant dyes: 

Deposition of 

chromium on 

silk imparts 

rigidity to it 

with loss of its 

characteristic 

drape 

Dye bath is set up with Glauberôs salt (10%) and acetic 

acid (4%). Temperature is raised to 50ęC and silk is 

entered in the bath, temperature is raised to 90ęC over 30 

min after which formic acid (2%) is added for complete 

exhaustion of dye. Dyeing continues for another 15 min 

and then dried without washing. Mordanting is done with 

3% mordant for 15 hours at 30ęC followed by washing 

and drying, amount of mordant required depends on 

number of dye molecules on fiber as the chelation occurs 

at stoichiometric ratio. 
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Table 3.20. A summary of problems in dyeing with direct dyes and recommended solutions. 

Problem Possible cause Reasons and Countermeasures 

General 

unlevelness 

Use of direct 

dyes 

Dyeing to light colours: start in a weakly alkali dyebath 

containing soap (2-3%) and NaCl (5-10%, as retarding 

agent). 

Dyeing to medium and deep colours is done in the 

presence of Na2SO4 (10-20%), dyeing is started at 40ęC, 

and slowly raised to 90-95ęC and maintained at 

temperature for 1 hour. Dyed materials are rinsed in warm 

water and treated with CH3COOH (5 g/l) at 30ęC for 15 

min. 

Add electrolyte at the beginning of dyeing to retard dye 

uptake and form levelled shades. Concentration of 

electrolyte depends on shade to be developed, for example:  

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.g. replace with super- 
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Table 3.20 (continued) 

Problem Possible cause Reasons and Countermeasures 

fastness (washing, rubbing, 

perspiration, chlorine, and light) 

fastness: Use 

of direct dyes 

milling acid dyes 

Dull shades 

Use of direct 

dyes 

Use reactive dyes, which 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 cause Reasons and Countermeasures 

Inadequate fastness (washing, 

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 high alkaline pH of 

dyebath required, silk 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 (AI) was proposed during the 20th century, and is defined as 

ñmaking computers think like peopleò [303]. Expert system (ES) is a domain of AI that aims 

to computerize the expertise of human experts [304]. ES was first developed as a research 

tool in the 1960s [305]. Feigenbaum, an early pioneer of ES technology, defined an ES as 

ñan intelligent computer program that uses knowledge and inference procedures to solve 

problems that are difficult enough to require significant human expertise for their solutionò 

[306]. In simple terms, an expert system is an artificial intelligence program that attempts to 

mimic human reasoning by using combined knowledge from many sources. It is a computer 

system that emulates the decision-making 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, conferences, 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 to resolve the 

issue or address the query as shown in Figure 4.1; 
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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 responds to the userôs 

queries [307]. An ES is specific to a given problem domain as opposed to having general 

problem-solving abilities. The expertôs knowledge pertaining to solving specific problems is 

denoted the ñknowledge domainò [308]. The ES reasons or makes ñinferencesò in the same 

way that a human expert would reason or infer the solution of a problem, that is when given 

some facts, a logical, possible conclusion that follows is inferred through reason [309]. 

4.2 Advantages of Expert Systems 

An indirect benefit of developing an ES is that in order to incorporate the information 

in the computer an explicit form of human expertsô knowledge must be produced. This  
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allows the otherwise implicit knowledge in the expertôs mind to be examined for correctness, 

consistency, and completeness, and if necessary adjusted [310]. There are also many direct 

advantages of ES that can be listed as follows; 

¶ Availability: Expertise is available on any suitable computer at any time day or night. 

This can be considered the ñmass productionò of expertise in a specific knowledge 

domain. 

¶ Reduced cost: The cost of providing expertise per user is greatly lowered comparing to 

when human experts are employed. 

¶ Permanence: Once the knowledge domain is developed, the expertise becomes 

permanent. 

¶ Combined expertise: The knowledge 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. 

¶ Reliability: ES increases confidence that the correct decision was made. ES also provides 

a second opinion to a human expert or a tie-breaker in disagreements among multiple 

human experts. Responses from the expert system should agree with those from majority 

of human experts as well as literature sources. 

¶ 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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¶ Fast response: An ES may respond faster than a human expert, depending on the design 

of the software and the type of hardware employed. 

¶ Steady: ES are unemotional and provide complete responses at all times. This may be 

very important in real-time and emergency situations when a human expert may not 

operate at peak efficiency 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 functions [311]. Thousands of ES 

have been built and reported in journals, internet, books, and conferences [29,312]. Based on 

the systems described in the open literature, certain broad classes of ES applications may be 

described as follows; 

¶ Configuration: These systems are designed to assemble appropriate components of a 

system in a proper way.  

¶ Diagnosis: This type of ES is used to infer underlying problems in a domain based on 

observed evidence. For example, they may be used to recommend remedies to illnesses, 

trouble-shoot electronic or mechanical problems or as debugging tools. 

¶ 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 userôs ability and current knowledge and monitors the progress of the student, altering  
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the sequence depending on this progress. 

¶ Interpretation: Interpretive ES has the ability to 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 surveillance, image 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 are particularly 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. These 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 method to ñguessò at the possible outcomes of 

observed situations, usually 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. 
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¶ Classification/Identification: These systems help to classify the goals in the system by the 

identification of various features (these can by physical or non-physical). For example, 

various types of animals are classified according to attributes such as; habitat, feeding 

information, color, breeding information, relative size, etc. These systems may be used 

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 summarized as shown below. 

¶ Complex domain: The coloration industry is a very complex domain since there are many 

variables that can affect the outcome of dyeings.  

¶ Scarce expertise: The number of coloration experts is very small compared to the size of 

the textile industry worldwide.  

¶ 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. 

¶ Reproducibility: 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 production & coloration industry to 

provide; 
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¶ Consistency: ES can help to create consistent production runs. 

¶ Repeatability: ES can help to promote repeatable production runs. 

¶ Complementary expertise & educational tool: They can be used as educational tools to 

bridge the gap between experts and novice dyers (as a training tool), and to support the 

decision making of expert dyers (as a support tool). 

¶ Facilitated communication: Correct diagnosis of the root causes of a given fault can also 

help facilitate the communication of 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:  

¶ Diagnosis of defects in; 

ï Bleaching of cotton fabrics (Pré-matic): The system was developed by CIBA in 1989 

[313]. 

ï Wool dyeing recipe (Wooly): This ES was produced by Sandoz AG in late 1980s to 

early 1990s [314]. 

ï Finishing (Texperto): The program was developed by Clariant in 1992 [315]. 

ï Pad-steam dyeing (Bafarex): An ES developed by BASF in 1992 and designed to 

determine the dyeing recipes for cotton and polyester/cotton materials using vat and 

disperse dyes [316]. 

¶ Color matching process (SmartMatch): An ES developed by Datacolor International in 

1994 [317,318].  
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¶ Control of the dyeing process (Datawin) [319] 

¶ Troubleshooting dyeing (Dexpert: Cotton, Polyester): These ES were developed by 

Shamey et al [30,31,111]. 

¶ Troubleshooting 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 consists of three major components which are [29]; 

¶ 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 knowledge engineer 

writes the code for the system. 

¶ 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 by facts or objects, prioritizes the satisfied rules, and 

executes the rule with the highest priority, and uses rules and facts to derive conclusions. 

¶ User interface: This is a point of interaction between the user and the expert system. This 

is where questions are asked, and advice is provided. 

The additional components of the system shell include [29]; 

¶ 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 interface used to edit the information in the 

knowledge base. 

 

The components of typical Expert Systems are shown in Figure 4.2. 

 

 

Figure 4.2. Typical structure of an Expert System. 
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Expert systems commonly use two general methods of inferencing as the problem-

solving strategies. These are:  

¶ 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 (the fact), then one should take an umbrella 

(the conclusion) [29]. 

¶ Backward chaining (a goal driven system): It involves reasoning in reverse from a 

hypothesis, a potential conclusion to be proved, to the facts that support the hypothesis. 

For example, if one has not looked outside and someone enters with wet shoes and an 

umbrella, oneôs hypothesis would be that it is raining. In order to support this hypothesis, 

one could ask the person if it was raining. If the response 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]. 

4.6 Development of the ñDexpert-PTò System 

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 with the process of building the necessary knowledge, or the brain of the system, 

which is called ñknowledge engineeringò, as shown in Figure 4.3. 
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Figure 4.3. Development of an Expert Systemôs knowledge base. 

 

The person in charge of the development is the ñknowledge engineerò, who collects 

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 engineer 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 Dexpert-PT 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 a web-based survey created on 

SurveyMonkeyTM [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. 

4.6.1.1 Selection 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 literature and 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 4.4. 

 

 

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 

batch 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 requires corrective actions such 

as dye or chemical additions, extra runtime, stripping, re-dyeing, and over-dyeing. 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 reproducibility 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; 

¶ Using the same raw materials; 

¶ Controlling the dyeing process conditions (using identical standard preparation, 

maintaining the same liquor ratio, adding the right chemicals at the same time and 

temperature); 

¶ The dyeing materials should have the same dye affinity in each batch; 

¶ Checking water supply daily (especially hardness, pH, and bicarbonate content); 

¶ Avoiding standing times during the process, and ensuring that dyes and chemicals are 

ready for addition. 
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Figure 4.5. An example of poor reproducibility. 

 

General unlevelness 

This is the non-uniform distribution of dye over the entire substrate, 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 example of 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 found in dyeing. 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, for example 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. 
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.  

Figure 4.8. An example of presence of streaks. 

 

Poor color yield (low exhaustion/low fixation/poor build-up) 

  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 4.10. An example of dull shades. 

 

Inadequate fastness 

  Fastness is the resistance 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 4.11. An example of inadequate fastness. 
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Presence of specks, stains, or spots 

  These are regarded as defects when present on the dyed fabric. An example is shown 

in Figure 4.12. 

 

 

Figure 4.12. An example of presence of specks, stains, or spots. 

Presence of ending and tailing 

These are lengthwise variations in shade; they are typical issues in pad dyeing. This 

dyeing problem occurs in a continuous dyeing range and may be attributable to the dye 

padder, pre-drying, chemical padder, steamer, or wash box. An example of this issue is 

shown in Figure 4.13. 

 

 

Figure 4.13. 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 

reduced mechanical strength is shown in Figure 4.14. 

 

 

Figure 4.14. An 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 woven or 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 4.15. An example of adverse changes in appearance. 

 

Local damage 

Broken yarn or torn and damaged 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 example of presence 

of stop, rope, or pressure marks is shown in Figure 4.17. 

 

 

Figure 4.17. An example of presence of stop, rope, or pressure marks. 

 

Comfort properties 

These refer to repulsive odor, electrostatic charge, stiffness, poor handle, and pilling. 

Pilling 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 properties is shown in 

Figure 4.18. 

 



 

282 

 

Figure 4.18. An example one of the comfort properties, this sample shows ñstiffnessò. 

 

Shrinkage 

Wool consists of fibers that catch on to one another when exposed to water, heat, or 

friction. The fibers tighten their contact to 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 4.19. An example of shrinkage. 
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Yellowing 

This is an occurrence of yellow color 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 are exposed to daylight. An example of yellowing is shown in Figure 4.20. 

 

 

Figure 4.20. An example of yellowing. 

 

4.6.1.2 Knowledge acquisition using a survey 

A survey was constructed to collect responses from human experts and correlate 

specific causes associated with dyeing faults for protein fibers. The survey was designed in 

two platforms: a web-based survey using SurveyMonkeyTM [321], and another in Microsoft 

Excel format. Experts were allowed to choose either of these formats based on their 

preference.  
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A certainty factor was provided for each response ranging from 0-10. A zero 

indicated no correlation between cause and symptom, while 10 indicated the cause had an 

excellent correlation with the symptom. Experts 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 web-based survey on SurveyMonkeyTM 

comprised of five pages consisting of 110 causes 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 drop-down list for every cell. Five dyeing experts from USA, UK, and 

Thailand participated in this study. Information from experts was filtered and analyzed into 

rules to build a knowledge base. Further discussions of methods to analyze expertsô 

responses are Figure 4.21 shows an example of a few questions in the survey. Experts 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. 
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Figure 4.21. List of symptoms and causes on the web-based survey hosted in SurveyMonkeyTM. Sourced from 

http://www.surveymonkey.com/s/7BYQJKB.
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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 convenient for experts 

to respond to questions. The survey could also be printed out for completion at expertôs 

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 rows corresponding to the 110 

possible causes. The cells represented the inter-relationship 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 lack of a 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 surveying the expertsô opinions on select questions. 

Advantages of electronic surveying include: 

¶ 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 recipients often find 

answering the electronic survey easier, quicker, and more convenient. 

¶ Reduced cost compared to traditional printed surveys, since it can be distributed via 

email. 
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¶ Fast response from the recipients using web-based 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 interviewing experts. The process is time consuming as experts tend to be 

very busy. The method was used to identify the inter-relationship between a dyeing symptom 

and probable root cause(s) of the symptom by allowing experts to specify certainty values. 

Five 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 

academic experience from 25-50 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 into a suitable form in 

tables. Sources of literature included textbooks, peer-reviewed 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 several subjects. 
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Figure 4.22. The survey in Excel spreadsheet format distributed to experts to determine the inter-relationship between 

symptoms and causes using certainty factors ranging from 0-10.



 

289 

Certain causes may lead to several common symptoms. Commonness of 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 likely cause for 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 of ending and tailing marks as shown in Figure 4.23. 

Expertsô responses were compared among participants and also compared against the 

literature used. Responses from five experts are given in Appendices 6-10. 

 

 

Figure 4.23. An example of the sorting method used to identify commonness of causes and 

their categories. 
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4.6.1.3 Analysis of expertsô responses to construct a knowledge base 

Experts participating in the construction of the knowledge base were asked to rank 

the inter-relation among 16 symptoms and 110 causes using 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 of 9 has a 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 CF: 7-10), likely (medium CF: 

4-6), less likely (low CF: 1-3) 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 

at a solution quickly and reduce the corrective action time. 

The concepts and methods for decision-making process stem from a multidisciplinary 

field of investigation. Historically decision sciences have inherited the órational-decisionô 

concept and promoted an 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 Dantzig [322] (and 

later on, of non-linear programming, and dynamic programming) provided efficient tools for 

implementing an optimization approach on real-sized problems encountered in military, 

logistics, in production research, and delivery management for industrial firms. Neumann,  
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Morgenstern, and Savage [323] broadened the scope of the constraint-based optimization 

paradigm to situations where consequences of decisions are risky or uncertain. The extension 

of these approaches to the construction of objective functions accounting for several criteria 

was proposed by Debreu, Luce [324] and later on by Keeney and Raiffa [325] in situations of 

certainty, uncertainty or risk. All of these works, which are mostly developed in mid-1970s, 

are referred to as classical decision theory. Meanwhile Edmonds and Karp [326] also 

proposed the complexity theory, since the classical methods of operational research cannot 

tackle all large-sized optimization problems. Savage proposed the Bayesian approach for 

decisions under risk and uncertainty, which appeared like the prototype of a rigorous 

approach to rational decision making. However, studies of Allais and Ellsberg [327], and 

Kahneman et. al [328] demonstrated that, in some cases, 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 consequences is missing. Schmeilder [329] and Quiggin [330] 

proposed more flexible and realistic mathematical models where expected utility was 

replaced by more general integral work of Choquet from the 1950s [331]. The new trends in 

operational research consider the practical limitations of the optimization-based approach to 

all decision problems. Royôs [332] decision analysis methods, 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 information from voters is essentially ordinal) and multiple criteria decision-making  
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triggered the development of new approaches designed to handle the latter problem. Some 

expert systems implement the ñDelphi methodò and incorporate feedback from individual 

experts 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 consensus among experts, 

and difficulty to schedule a group interview. Hence, this approach was not applied in the 

development of this system [333]. 

The field of artificial intelligence (AI) became concerned with decision problems in 

the 1990s in connection with planning problems under uncertainty and partial observability 

found in robotics, and the design of user-centered computerized recommender systems and 

web services [334,335]. Since the late 1950s, AI approaches focused on declarative 

knowledge representation and automated reasoning methods, and general solving techniques 

that may apply to a large class of problems [336]. A systematic use of propositional and first-

order logics as knowledge representation or programming tools was promoted by McCarthy 

and Hayes [337]. In recent years, AI methods have exploited the formal setting of the 

classical decision theory [338]. 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 theory [341]. Formal similarities between voting 

theory, decision under uncertainty and multiple criteria decision-making 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 compact representation of uncertainty or preference have emerged in 

the recent years, such as Bayesian networks, influence diagrams, and conditional preference 

networks (often called CP-nets) [342].  

A very wide and active 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 non-additive frameworks for uncertainty representation, Choquet integral, 

possibility theory, bounded rationality models, non-transitive 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 for the modelling of decision 

problems and compact representation techniques and combinatorial problem-solving 

methods, the second area focuses on decisions under uncertainty, and the third area deals 

with various approaches pertaining to multiple criteria decision-making [342]. 

Social choice theory 

The desire or necessity to take multiple conflicting viewpoints into account for 

evaluating the actions often makes the task difficult and thus a ñdecision analysisò is used as 

a scientific approach to support the final decision. This is known as ñmulti-criteria decision 

aidingò. The system needs to synthesize the partial preferences of experts into a global 

preference on which a recommendation can be based. This is called ñpreference aggregationò  
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[342]. Aggregation problems have been widely studied in the framework of ñvoting theoryò. 

This method consists of searching a ñreasonableò mechanism to aggregate several opinions in 

order to determine the outcome or to rank all possible scenarios in order of preference [346]. 

ñSocial choice theoryò is an example of this type of decision making where the links between 

the ñindividual preferencesò of the members and their decisions are analyzed when these 

decisions are supposed to reflect the ñcollective preferenceò of the group [347]. To apply 

these concepts in the coloration industry, the words ñcandidatesò and ñvotersò are replaced 

by ñcausesò and ñexpertsò respectively. A good system must yield collective preferences 

reflecting the individual preferences as much as possible [348]. Decisions based on the 

majority rule can 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. It may be argued that the concept of ñrankingsò is more relevant to 

industrial applications, as it enables extracting the best cause or a ranking of the causes 

reflecting the opinions of the experts as much as possible [342]. An example of a ranking 

based decision making is the ñBordaò method in which the responses from experts are 

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 main symptom 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. The calculated rank of cause 1 would thus be = (10×2) + (8×1) + (5×1) + (0×1) =  
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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 systemôs CF for each cause was calculated by dividing 

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 logic theory 

A different method of decision making is based on the fuzzy set theory that is often 

used to deal with uncertainty in human-originated information [349]. Expert knowledge can 

serve as a foundation in fuzzy decision making, instead of probability or possibility 

distributions [350]. In fuzzy systems, the input-output pairs have the structure of IF-THEN 

rules that relate fuzzy variables whose values are inexact. There are two advantages in using 

classical decision-making theory over distribution-based methods. First, on a practical level, 

probability or possibility distributions are often difficult to verify in a fuzzy decision-making 

environment, while the classical decision model does not require such strict assumptions. 

Second, decision-making models based on probability or possibility distributions may result 

in divergent decision behavior [351]. 
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¶ Fuzzy sets and membership functions 

A set in classical set theory always has a sharp boundary. A fuzzy set is a set with a 

smooth boundary [352,353]. For example, if an expert is certain that a cause and a symptom 

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, experts may also 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 the set [354]. This 

type of function 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 3-6, 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 bath alkalinity based on responses from five 

dyeing experts [355]. Expert responses are used as input ñExpert 1-5ò, with the CF is given 

as the output. The membership function classifies the fuzzy inputs into three groups: low (0-

4: weak relationship between cause and symptom), moderate (4-8), and high (6-10) as shown 

in Figure 4.24. 
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Figure 4.24. The membership functions classifying the fuzzy inputs into 3 groups (low, 

medium, and high). 

 

The membership functions of defuzzified crisp outputs are classified into three 

categories: less likely (CF = 0.1-0.3), likely (CF = 0.4-0.6), and most likely (CF = 0.7-1.0). 

The CF ranges are given on a scale of 0 to1, as shown in Figure 4.25. 
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Figure 4.25. The membership functions classifying 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, symbolic, and indexed format in the system. 
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Figure 4.26 is an example of rules in the verbose format. 

 

 

Figure 4.26. Rule editor interface used to assign rules to the system in the verbose format. 

 

In the inference process, the system attempts to match the membership function of 

inputs given to the rules that respond to associated functions and utilizes fuzzy operators to 

defuzzify the results and generate a crisp output [356]. The new CF in this case, for the 

example given above, is 0.833 as shown in Figure 4.27. Thus it is evident that different 

decision making strategies can result in different outcomes [357]. Therefore, an analysis of  
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various procedures, taking into account the accuracy of suggested solutions, simplicity of the 

approach and operational cost has to be considered in the design and development of expert 

systems [358]. 

 

 

Figure 4.27. Rule viewer interface showing the crisp CF output 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 above [359]. The certainty factor calculated according to 

each method is given as follows. 

The mean is calculated and then converted from a scale of 0-10, to a CF scale of 0-1. 

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 of 0-1 is 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 value is then converted from a scale of 0-10 

to a scale of 0-1, i.e. 0.8. 

The statistical Mode in a given dataset can also be calculated and then converted to 

scale of 0-1. In this case, mode is 10 and therefore on a scale of 0-1 it becomes 1.0. 

The list of causes related to symptom(s) is arranged according to the CF of the rules. 

Rules with high priority (high CF: 7-10), and lower priority (medium CF: 4-6) are presented 

to the user as ñmost likelyò, and ñlikelyò causes respectively. Rules with the lowest priority 

(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. The certainty 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 expertsô experiences in industry in ranking which are the more 

significant/frequent causes of that particular symptom. In 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. For symptom one (S01) ñReproducibilityò and cause one 

(C001) ñToo high alkalinityò responses from five experts are 0, 8, 5, 10, and 10. The 

resultant CF for this relationship based on various calculation methods is as follows: 

 

Social choice theory (ñBordaò ranking method) CF = 0.7 

Fuzzy logic theory (Matlab fuzzy logic toolbox) CF = 0.8 

Statistical methods: Mean    CF = 0.7 

Median   CF = 0.8 

Mode    CF = 1.0 

The weighted average, used as a ranking method, gives the same result as the 

statistical mean, and this was found to 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 symptom [360]. Fuzzification 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 weighted ranking 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 ñToo high drying temperatureò are: 0, 0, 0, 10, 10. If the Median or Mode are used, the 

CF for this cause would be ñ0ò, and two expertsô 10 ratings would be neglected entirely. A 

summary of the CF for relationships between both causes (C001: Too high alkalinity, C109: 

Too high drying temperature) 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. 

Cause 

Expert 

responses 

Theory Method Calculation CF 

C001: 

Too high 

alkalinity 

0,8,5,10,10 

Social choice 

Weighted 

ranking 

[(10×2)+(8×1)+(5×1)

+(0×1)]/50 

0.7 

Fuzzy logic 

Matllab 

toolbox 

(10,10,8,5,0) = 41.7 

Ÿ 41.7/50 

0.8 

Mathematical 

Mean 

[(0+8+5+10+10)/5]/1

0 

0.7 

Median 

(0,5,8,10,10) = 8 

Ÿ8/10 

0.8 

Mode 

(0,5,8,10,10) = 10 Ÿ 

10/10 

1.0 

 



 

304 

Table 4.1 (continued) 

Cause 

Expert 

responses 

Theory Method Calculation CF 

C109: 

Too high 

drying 

temperat

ure 

0,0,0,10,10 

Social choice 

Weighted 

ranking 

[(0×3)+(10×2)]/50 0.4 

Fuzzy logic 

Matlab 

toolbox 

(10,10,0,0,0) = 25 Ÿ 

25/50 

0.5 

Mathematical 

Mean 

[(0+0+0+10+10)/5]/1

0 

0.4 

Median 

(0,0,0,10,10) = 0 Ÿ 

0/10 

0.0 

Mode 

(0,0,0,10,10) = 0 Ÿ 

0/10 

0.0 

 

Some expert 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 low certainty level 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 represented different 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 weighted-average ranking system reflected a 

more reliable method for the development of the system as 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). 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C046 Dye precipitation 10 10 10 10 10 50 10 

  

C043 

Incorrect auxiliary 

weighing 

10 10 10 10 6 46 9 

  

C028 

Too low 

temperature 

10 8 10 10 7 45 9 

  

C032 

Excessive 

alkalinity 

10 6 10 10 8 44 9 

  

C034 

Dyeing time too 

short 

10 10 10 10 3 43 9 

  

C045 

Misuse of dyebath 

assistants 

10 8 10 10 5 43 9 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C042 

Incompatibility of 

reagents 

10 10 10 10 2 42 8 

  

C031 Rapid shift of pH 

 

8 10 10 5 33 8 

  

C035 

Dyebath liquor to 

goods ratio (LR) 

too low 

10 10 7 10 4 41 8 

  

C061 

Poor quality 

dyestuff 

10 10 10 10 0 40 8 

  

C064 

Incorrect dye 

weighing 

10 10 10 10 0 40 8 

  

C072 

Dye 

incompatibility 

10 10 10 10 0 40 8 

  

C076 

Substrate is not wet 

out thoroughly as it 

passes into the dye 

liquor 

10 10 10 10 0 40 8 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C030 

Rapid rise of 

temperature  

8 10 10 4 32 8 

  

C038 

Electrolyte 

concentration 

too low 

5 10 10 10 4 39 8 

  

C023 

Too short 

processing time 

10 10 3 10 5 38 8 

  

C047 

Poor quality 

(aged/old) 

auxiliary used 

8 8 10 10 2 38 8 

  

C069 

Dye 

sedimentation 

8 10 10 10 0 38 8 

  

C073 

Non-uniform 

concentration of 

auxiliaries and 

dyes 

10 8 10 10 0 38 8 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C060 

Improper dye 

selection 

10 

 

10 10 0 30 8 

  

C024 

Inadequate 

removal of colored 

material 

10 10 5 10 2 37 7 

  

C006 

Too long 

processing time in 

scouring 

8 8 1 10 9 36 7 

  

C036 

Dyebath liquor to 

goods ratio (LR) 

too high 

10 10 2 10 3 35 7 

  

C009 

Too long 

processing time in 

degumming (silk) 

5 

 

3 10 10 28 7 

  

C044 

Sodium silicate 

residues  

8 10 10 0 28 7 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C065 

High dye diffusion 

coefficient  

8 10 10 0 28 7 

  

C066 

Low dye diffusion 

coefficient  

8 10 10 0 28 7 

  

C067 

Too high dye 

migration  

8 10 10 0 28 7 

  

C068 Poor dye migration 

 

8 10 10 0 28 7 

  

C021 

Presence of metals 

(iron, copper) 

5 10 3 10 6 34 7 

  

C026 

Presence of tin 

salts 

5 

  

10 5 20 7 

  

C001 

Too high alkalinity 

in scouring 

0 8 5 10 10 33 7 

  

C017 

Presence of iron 

salts 

3 10 5 10 5 33 7 

  

C049 

Low solubility of 

auxiliary 

5 8 10 10 0 33 7 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C071 Dye aggregation 5 8 10 10 0 33 7 

  

C074 

Rapid exhaustion 

rates 

5 8 10 10 0 33 7 

  

C004 

Complete removal 

of wool wax  

10 0 7 8 25 

 

6 

 

C010 

Too high alkalinity 

in degumming 

(silk) 

10 

 

5 10 0 25 

 

6 

 

C015 

Too low 

concentration of 

soap 

10 

 

5 10 0 25 

 

6 

 

C007 Soap residues 3 9 3 7 9 31 

 

6 

 

C013 

Acids used too 

strong 

10 6 1 10 3 30 

 

6 

 

C025 

Concentrated 

sulphuric acid, or 

nitric acid 

   

10 2 12 

 

6 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C005 

Presence of 

extra dirt or 

vegetable 

matter (VM). 

 

6 1 8 8 23 

 

6 

 

C012 

Too high 

temperature in 

degumming 

(silk) 

8 

 

1 6 8 23 

 

6 

 

C078 

Did not dry 

fabric after 

padding and 

before passing 

on to the next 

process 

5 10 10 3 0 28 

 

6 

 

C096 

Too high 

washing 

temperature 

8 0 10 10 0 28 

 

6 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C039 

Added 

electrolyte too 

soon/quickly 

 

5 5 10 2 22 

 

6 

 

C022 

Too long 

processing time 

in bleaching 

8 8 1 10 0 27 

 

5 

 

C063 

Substantivity 

too low 

3 6 10 8 0 27 

 

5 

 

C070 Dye bleeding 

 

6 

 

10 0 16 

 

5 

 

C053 

Use of acid 

(milling) dye 

under strong 

acidic 

conditions 

5 8 

 

1 7 21 

 

5 

 

C062 

Substantivity 

too high 

3 

 

10 8 0 21 

 

5 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C041 

Excessive amount 

of auxiliaries used 

5 8 3 10 0 26 

 

5 

 

C075 

Unevenness of 

packing (loose 

stock, yarn, 

fabric) 

5 8 5 7 0 25 

 

5 

 

C090 

Too few wash 

cycles 

5 0 10 10 0 25 

 

5 

 

C095 

Too low washing 

temperature 

5 0 10 10 0 25 

 

5 

 

C014 

Too much 

bleaching agents 

used 

5 8 1 10 0 24 

 

5 

 

C033 

Dyeing time too 

long 

8 10 5 1 0 24 

 

5 

 

C051 

Use of 1:2 metal 

complex dye 

5 8 1 1 8 23 

 

5 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C008 

Incomplete 

removal of 

impurities 

3 

 

5 10 0 18 

 

5 

 

C019 

Used sulfur-

containing 

bleaching agents 

(sodium 

dithionite) 

5 6 1 1 9 22 

 

4 

 

C055 

Use of reactive 

dyes in piece 

and yarn hank 

dyeing 

10 8 2 2 0 22 

 

4 

 

C080 

Water hardness: 

presence of salt 

of calcium or 

magnesium 

5 0 7 10 0 22 

 

4 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C057 

Use of 

premetalized dye 

1:1 at neutral pH 

5 8 

  

0 13 

 

4 

 

C020 

Use of 

Hypochlorites as 

bleaching agent 

3 10 1 7 0 21 

 

4 

 

C083 

Presence of 

chlorine 

10 0 10 1 0 21 

 

4 

 

C002 

Too high 

temperature in 

scouring 

3 5 1 6 5 20 

 

4 

 

C084 

Too high 

turbidity 

5 0 5 10 0 20 

 

4 

 

C091 

Inadequate 

fabric, water 

movement 

5 0 5 10 0 20 

 

4 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C092 

Wash bath 

liquor to goods 

ratio too low 

5 0 5 10 0 20 

 

4 

 

C109 

Too high drying 

temp. 

0 0 10 10 0 20 

 

4 

 

C018 

Presence of 

hydrogen 

peroxide 

residues 

3 

 

3 10 0 16 

 

4 

 

C056 

Use of chrome 

dyes to match 

deep shades of 

black and navy 

blue 

 

8 

  

0 8 

 

4 

 

C040 

Prolonged 

boiling dyebath 

treatment 

5 10 3 1 0 19 

 

4 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C079 

Direct contact of 

infrared heat and 

substrate 

5 8 5 1 0 19 

 

4 

 

C081 

Presence of 

manganese/alumi

num 

5 0 

 

10 0 15 

 

4 

 

C082 

Presence of 

iron/copper 

5 0 

 

10 0 15 

 

4 

 

C093 

Misuse of 

finishing agents  

0 5 10 0 15 

 

4 

 

C050 

Use of 1:1 metal 

complex dye 

under strong 

acidic conditions 

5 6 

  

0 11 

 

4 

 

C029 

Too high 

temperature in 

dyebath 

8 8 1 1 0 18 

 

4 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C097 

Foaming in 

boiler: excessive 

alkalinity carrying 

solid particles 

with steam 

8 0 5 5 0 18 

 

4 

 

C052 

Use of acid (self-

leveling) dyes for 

dark shades 

5 10 1 1 0 17 

  

3 

C089 

Alkalinity of 

water 

5 0 5 7 0 17 

  

3 

C085 

Presence of 

silicate deposits  

0 

 

10 0 10 

  

3 

C086 

Presence of 

suspended 

insoluble contents 

 

0 

 

10 0 10 

  

3 

C104 

Worn off padding 

rollers  

0 

 

10 0 10 

  

3 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C105 

Too long drying 

time 

5 0 1 10 0 16 

  

3 

C108 

Too long pre-

drying  

0 1 10 0 11 

  

3 

C101 

Overload in 

machine  

0 

 

8 0 8 

  

3 

C077 

Stretching fabric 

too much on 

open width 

machines 

3 8 1 1 0 13 

  

3 

C027 

Stores pretreated 

fibers under 

influence of light 

 

8 1 1 0 10 

  

3 

C058 

Use of mordant 

dye 

(metachrome) 

5 

   

0 5 

  

3 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C059 

Use of mordant 

dye (after-

chrome) 

5 

   

0 5 

  

3 

C054 

Use of acid 

(super-milling) 

dye 

5 

  

1 0 6 

  

2 

C087 

Residual 

soaping  

0 2 5 0 7 

  

2 

C099 

Too high flow 

rate 

5 0 

 

1 0 6 

  

2 

C100 

Too low flow 

rate 

5 0 

 

1 0 6 

  

2 

C003 

Too high 

mechanical 

pressure 

  

1 3 0 4 

  

1 
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Table 4.2 (continued) 

Cause Description E1 E2 E3 E4 E5 

Weighted 

ranking 

High 

CF 

Medium 

CF 

Low 

CF 

C011 

High 

mechanical 

stress 

  

1 3 0 4 

  

1 

C094 

Vigorous 

mechanical 

action 

 

0 0 5 0 5 

  

1 

C098 

Surfactant 

deposits from 

wash off liquor 

3 0 1 2 0 6 

  

1 

C037 

Too vigorous 

agitation in 

dyebath 

 

0 1 3 0 4 

  

1 

C106 

Too short 

drying time  

0 0 3 0 3 

  

1 

C016 

Soap from 

cottonseed or 

coconut oil 

  

1 

 

0 1 

  

1 
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Therefore, based on previous analyses together with reviewing scholarly resources, a 

diagnostic expert system in the coloration industry can be developed using the ñBordaò 

ranking system. This approach is found to be suitable to analyze the responses from experts 

and generate the CFôs to prioritize rules in the system. This is due to the fact that the basic 

concept of an expert system is to provide the user with facts and obtain suitable advice in 

return. On the other hand fuzzy logic can be useful when opinions about causes contain 

significant uncertainties. In these cases, e.g. when experts provide a response of the type: ñI 

donôt know whether cause A will result in symptom B,ò or ñI am not sureò it may be more 

prudent to fuzzify systemôs response(s) as fuzzy logic is suitable to deal with such 

uncertainties. 

4.6.2 Description of ES for protein fibers 

Dyeing Expert System for Protein Fibers (or Dexpert-PT) was developed using an 

expert system shell, wxCLIPS (WIN32) with fuzzy extensions (c) CLIPS version 6.0, and 

wxCLIPS version 1.64 [361]. It was developed by NASA, National Research Council of 

Canada (NRC), Julian Smart, and AIAI in 1996. This extended version of CLIPS can be 

called FuzzyCLIPS, as the modification enables the capability of handling fuzzy concepts 

and reasoning to CLIPS [351,362]. Dexpert-PT has been designed to determine the root 

cause of faults in dyeing of protein fibers. Identification and diagnosis of faulty dyed samples 

is a knowledge-based activity, which can be divided into three phases, described below. The 

system architecture is illustrated in Figure 4.28. 



 

323 

¶ Phase I-Main 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 from alpaca, camel, 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 to initial sorting of the symptoms according to the form of the 

protein fibers under examination. 

¶ Phase II-Inference: Variables such as type of yarn forming, or type of machines used are 

then considered with a view to examine the appropriate section of the knowledge base. 

An interactive session involving queries about the symptoms is then initiated. The 

responses to the questions are processed to facilitate finding the most-likely cause(s) of 

symptom(s). Users are able to select only a specific cause category to diagnose, or if no 

category was selected, the system defaults to selecting all possible causes for the 

symptom(s) from all categories. 

¶ Phase III-Diagnose: This step involves an interaction between the user and the expert 

system in which the cause(s) of a 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. The user can also highlight each cause and choose the ñExplainò button 

and receive more information on the selected causes for the symptom(s).  
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Figure 4.28. Overall architecture of the Dexpert-PT system knowledge base. 
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4.6.2.1 Knowledge representation 

In order to work with AI and ES based on logic, the term ñlogicò itself needs to be 

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 distinction between 

formal and informal logic is needed to be understood as well [363]. A complex logical 

argument is a chain of inferences in which one conclusion leads to another and so on.  In 

formal (or symbolic) logic, the inferences and other factors which enter into proving the true 

or false final conclusion in a valid way are the most important [364]. Logic also needs 

semantics to give meaning to symbols. Knowledge representation (KR) has long been 

considered central to AI because it is as significant a factor in determining the success of a 

system as the software that uses the knowledge [365]. KR is of major importance in ES for 

two reasons. First, ES are designed for a certain type of knowledge representation based on 

ñrules of logicò called ñinferencesò. Normally we think of ñreasoningò as drawing 

conclusions from facts. People are not very good at this because we tend to mix up the 

semantics 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 opposite conclusions 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 form of the argument. In logic, the term ñargumentò 
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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. This is 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 even stand-alone external databases. In CLIPS, the KR can be rules, templates, 

objects, and facts [366]. 

Other words such as data, facts, and information are often used interchangeably with 

knowledge. People may seek solutions to problems through reasoning and experience. The 

general term for using experience to solve a problem is ñheuristicsò. Long, specific examples 

of heuristic experience are called ñcase-based reasoningò, where previous similar cases called 

ñprecedentsò are used for reasoning. Knowledge is of primary importance in ES. An analogy 

of Wirthôs classic expression for ES is as follows; 

Knowledge + Inference = Expert Systems 

Knowledge in rule-based ES is defined as the rules that were activated by facts or other rules 

to produce new facts or conclusions. A conclusion is the end product of a chain of reasoning, 

called ñinferencingò when done according to formal rules. This process of making inferences 

is an essential part of an expert system. The term ñinferencingò is generally used for 

mechanical systems such as ES, while ñreasoningò is the term used for human thinking. In 

the process the double arrow (=>) means apply the productions [367]. 

A set of rules can be incorporated into a rule-based 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 rule-based knowledge base with the following 

format: 

If <attribute1><attribute2>é.<attribute3> Then [<effect1><CF1>]  

       [<effect2><CF2>]  

       [<effect3><CF3>]  

The attribute of the pattern on the left-hand side is a structure feature such as the 

category of a dyeing defect. An example of the pattern is <inadequate fastness>, <process>, 

<machinery>, etc. The CFn are the certainty factor that refers to expertôs reliance opinion. An 

example of the knowledge representation pattern in Dexpert-PT is shown in Figure 4.29. 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-PT system will assert the most likely possible cause as ñToo high 

alkalinityò. However, in most cases, dyeing faults can be caused by multiple causes from 

several sources. Therefore, to come to the conclusion, the system needs to collect various 

possible causes and identify them at the initial stage to find the causes of the fault. 
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(defrule silk yarn 

     (unlevelness) ă symptom 

     (cone) ă yarn forming type 

     (package) ă dyeing machine 

     => 

     (assert (too high alkalinity) ă cause 

 .  

 . 

     )  

Figure 4.29. An example of the knowledge representation pattern in Dexpert-PT. 

 

4.6.2.2 Inference 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 control are better done by forward chaining. CLIPS was designed 

to execute as fast as possible and be suitable for deployed applications in small memory 

devices [368]. 

The working memory may contain facts regarding the current status of the traffic 

light such as ñthe light is greenò or ñthe light is redò. If the traffic light is working normally, 

Possible 

causes 

Category 

 Soap residues 

High 

alkalinity 

Strong acids 

Impurities 

Presence of iron 

salts, hydrogen 

peroxide 

residues, metals 

 

Presence of 

tin salts 

General 

unlevelness 

Pretreatment Dye Water Aftertreatment  

Degumming Bleaching Weighting 

Symptom 
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only one fact will be in memory. Facts do not interact with one another. The fact ñthe light is 

greenò has no effect on the fact ñthe light is redò. If the fact ñthe light is greenò is in the 

working memory, the inference engine will notice that this fact satisfies the conditional part 

of the Green_light rule and 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 case, the inference engine 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 consequent or right-hand-side (RHS).  When the 

Red_light rule fires, its action ñstopò is executed. Likewise, when the Green_light rule fires, 

its action is ñgoò. Specific actions usually include the addition or removal of facts from 

working memory or printing results. The format of these actions depends on the syntax of the 

ES language. For example, in CLIPS, the action to add a new fact called ñstopò to working 

memory would be (assert stop), parentheses are required around patterns and actions [309]. 

The inference engine operates in recognize-act cycles (which can also be called as 

select-execute cycle, situation-response cycle, or situation-action cycle). The inference 

engine will repeatedly execute a group of tasks until certain criteria cause execution to cease. 

The general tasks are shown in the following pseudocode as; 
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WHILE not done 

Conflict resolution: If there are activations, then select one with the highest priority, 

else done. 

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 LHS of any rules is satisfied. If so, 

activate them. Remove activations if the LHS of their rules is no longer satisfied. 

Check for halt: If a halt action is performed or break command given, then done. 

END-WHILE 

Accept a new user command 

Multiple rules may be 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 proceeds. 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 default priority unless assigned 

different ones by the knowledge engineer. At this time, control is returned to the top-level 
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command interpreter for the user to give further instructions to the ES shell. The top-level is 

the default mode in which the user communicates with the ES, and is indicated by the task 

ñAccept a new use commandò. It is the top-level that accepts the new command [371,372]. 

A key feature of an ES is an explanation facility that 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 rule-based system since a history of the activated rules and contents of 

working memory can be maintained in a 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 designed ES [373].  

¶ Fuzzy logic 

Fuzziness occurs when a boundary of information is not clear-cut. For example 

young, tall, good, or high are fuzzy. There is no single quantitative value which defines the 

term young. For some 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 belongs to a set with 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: 

ɛA : U Ą [0,1]  (1) 

A membership function associates a number ɛA(x) in the interval [0,1] with each 

element x of U. This number represents the grade of membership of x in the fuzzy set A. For 

example the fuzzy term ñyoungò might be defined as shown in Table 4.3; 

Table 4.3. An example of fuzzy term ñyoungò. 

Age Grade of Membership 

25 1.0 

30 0.8 

35 0.6 

40 0.4 

45 0.2 

50 0.0 

 

Regarding equation (1), one can write: ɛyoung(30) = 0.8, é , ɛyoung(50) = 0. Grade of 

membership values constitute a possibility of the term young [374].  

¶ Uncertainty 

Uncertainty occurs when one is not absolutely certain 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 0 indicates 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, Dempster-Shafer theory, Markov model, and Zadehôs fuzzy theory. Bayesian 

theory and fuzzy theory are very popular in many diverse areas such as biology, psychology, 

music, and physics. The deductive method (also called ñexact reasoningò), deals with exact 

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 not guaranteed. 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 solution. Even 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 heuristic nature. 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 engine to operate like a person and not always make the same decision when rules 

of equal priority are applicable [375]. 
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In FuzzyCLIPs, a fact is composed of two parts, the fact and its uncertainty factor, 

and generally a fact takes the following form: 

(fact) [CF certainty factor] 

Certainty factors may be also associated with entire rules: 

(defrule flight-rule 

(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 fuzziness 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 variables, zero 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 respectively [376]. 

¶ Inference techniques 

There are three types of techniques: CRISP_, FUZZY_CRISP, and FUZZY_FUZZY. 

The part before the underscore refers to the antecedent, and the part after the underscore 

refers to the consequent [376]. 

-  CRISP simple rule 

This is if the antecedent of the rule does not contain a fuzzy object, regardless of 

whether or not a consequent contains a fuzzy fact; i.e. 

(defrule crisp-simple-rule 

(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 database due to the 

firing of the crisp-simple-rule; 

(illumination_level_dark) CF 0.56 where the certainty factor of the conclusion has been 

calculated as follows: 

CF = 0.7 × 0.8 

-  FUZZY_CRISP simple rule 

If only the antecedent contains a fuzzy fact, then the type of rule is FUZZY_CRISP. 

Some notations may be shown as: 

If A then C 

Aô 

------------- 

Cô 

Aô must be a fuzzy fact with the same fuzzy variable as specified in A for a match to 

occur and the rule to be placed on the agenda. Values of fuzzy variables A and Aô 

represented by the fuzzy sets F and Fô do not have to be equal, but they must overlap. The 

conclusion Cô is equal to C. The CF of the consequent is; 

CFc = CFr × CFf × S 

Where S is a measure of similarity between the fuzzy set F (determined by the fuzzy 

pattern A) and Fô of the matching fact Aô), CFc is the certainty factor of the conclusion, CFr 

is the certainty factor of the rule, and CFf is the certainty factor of fact. If the fuzzy sets do  
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not overlap, then the similarity measure would be zero and the certainty factor 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 simple-fuzzy-crisp-rule 

(declare (CF 0.7) ) 

(fuzzy-fact fact2) 

=> 

(assert (crisp-fact 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 fuzzy-fuzzy-rule 

(temperature hot) ;both antecedent and 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 as max-min rule of 

inference. The conclusion is clipped off at the z value. The FuzzyCLIPS function set-
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inference-type allows the control of the method used. The certainty factor of the conclusion 

is obtained by CFc = CFr × CFf. 

One of the main strengths of an ES is its ability to handle uncertainty. Dealing with 

uncertainty is one of the 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 fuzzy logic, or as it is formal called ñapproximate 

reasoningò [377]. Some ES tools have uncertainty built into the language including two 

versions of CLIPS that were customized to handle fuzzy logic, the ñFuzzyCLIPSò developed 

by the National Research Council of Canada [378], and another developed by the Togai 

InfraLogic [379]. However, before using the customized tool, the knowledge engineer should 

ensure that it is the correct 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, substrate forms, 

symptoms, machines, etc. These rules have a common IF-THEN structure and can be 

manipulated by the backward chaining method. In the Dexpert-PT system, certainty factor 

and salience are used to prioritize rules. 

4.6.2.3 Inference approach of Dexpert-PT 

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 system becomes possible 
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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 user. The ónextô button should be pressed in order to access the diagnosis 

interface (Fig.4(a)-4(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 expert 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 according to their 

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 should be an integer number 

between -10000 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 saved in another 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 and 110 possible causes. The symptoms are 

presented to the user in order to be selected on the third interface shown in Figure 3(a)-3(d).  

However, 110 causes are defined as single rules with the salience values which are defined as 

a global variable at the beginning 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) 

=>  

 (ask-question-update-causes "a question 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) 

=>  

(ask-question-update-causes " a question related to cause_2 will be placed here" YES 

"Answer related to cause_2 will be placed here") 

é.. 

.defrule cause_110 

(declare (salience ?*salience110*)) 
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(c110) 

=>  

(ask-question-update-causes " a question related to cause_110 will be placed here" YES 

"Answer related to cause_110 will be placed here")) 

Let us assume that the user selects symptoms S14, S15, and S16, and their possible 

causes are as shown in Table 4.4-4.6. 

Table 4.4. The possible causes of S14. 

C010 Too high alkalinity during degumming 5 

C001 Too high alkalinity during scouring 5 

C009 Too long processing time 4 

C085 Presence of silicate deposits 4 

 

Table 4.5. The possible causes of S15. 

C077 Stretch fabric too much on open width machine 6 

C002 Too high temperature 6 

C001 Too high alkalinity during scouring 5 

C011 High mechanical stress 4 

C009 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 light 8 

C001 Too high alkalinity during scouring 5 

C105 Too long drying time 5 

C009 Too long processing time 5 

C017 Presence of iron salts 5 

The numbers in the table are the CF results that are obtained from the survey and 

calculated according to the weighted average ñBordaò method. According to these tables 

when a user selects symptoms S14, S15, and S16, the system will follow the following 

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 (6-4) related to s14 

    (bind ?*cause010* (assert (c010))) 

    (bind ?*cause001* (assert (c001))) 

    (bind ?*cause009* (assert (c009))) 

    (bind ?*cause085* (assert (c085)))) 
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According to this 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 multiplied by 10 

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* (+ ?*salience077* 6)) 

    (bind ?*salience002* (+ ?*salience002* 6)) 

    (bind ?*salience001* (+ ?*salience001* 5)) 

    (bind ?*salience011* (+ ?*salience011* 4)) 

    (bind ?*salience009* (+ ?*salience009* 4)) 

    ;;;asserting likely causes (6-4) 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 ?*salience001* (+ ?*salience001* 5)) 

    (bind ?*salience105* (+ ?*salience105* 5)) 
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    (bind ?*salience009* (+ ?*salience009* 5)) 

    (bind ?*salience017* (+ ?*salience017* 5)) 

    ;;;asserting likely causes (6-5) related to s16 

    (bind ?*cause027* (assert (c027))) 

    (bind ?*cause001* (assert (c001))) 

    (bind ?*cause105* (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 contribute 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 4.7. The new salience values.  

c001 15 

c009 14 

c027 8 

c077 6 

c002 6 

c105 5 

 

 

 



 

345 

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 related with cause C027 since the salience value of the related 

rule would be 8 according to Table 3. On the other hand, cause C001 is the common cause 

among three symptoms, so each symptom contributes with three different salience values and 

as a result the salience 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 increase 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 salience 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 

takes this 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 rules to be fired. Accordingly 

the modification of the rule including the code threshold is as follows: 

(defrule cause_1 

(declare (salience ?*salience001*)) 

(c001) 

(test (> ?*salience001* (/ (max ?*salience001* ?*salience002* é.. ?*salience110*) 2))) 

=> 

(ask-question-update-causes "a question related to cause_1 will be placed here" YES 

"Answer related to cause_1 will be placed here") 

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 obtained from sheep (e.g. 

goat, rabbit, camel family, and bovines) as ñwoolò. These fibers belong to the same protein 

(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 to all keratin 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 suit the 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. scouring, degumming, and carbonization). For example, the differences between cause 

lists of wool and silk, combined with salience rules of symptom16 are shown below; 

;;;S16 (silk) 

  (if (and (neq ?*factsymptom16* 0) (neq ?*factfibersilk* 0)) then 

    (bind ?*salience027* (+ ?*salience027* 8)) 

    (bind ?*salience105* (+ ?*salience105* 5)) 

    (bind ?*salience009* (+ ?*salience009* 5)) 

    (bind ?*salience017* (+ ?*salience017* 5)) 

    (bind ?*cause027* (assert (c027))) 

    (bind ?*cause105* (assert (c105))) 

    (bind ?*cause009* (assert (c009))) 

    (bind ?*cause017* (assert (c017)))) 

    ;;;S16 (wool) 

  (if (and (neq ?*factsymptom16* 0) (eq ?*factfibersilk* 0)) then 
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    (bind ?*salience027* (+ ?*salience027* 8)) 

    (bind ?*salience001* (+ ?*salience001* 5)) 

    (bind ?*salience105* (+ ?*salience105* 5)) 

    (bind ?*salience017* (+ ?*salience017* 5)) 

    (bind ?*cause027* (assert (c027))) 

    (bind ?*cause001* (assert (c001))) 

    (bind ?*cause105* (assert (c105))) 

    (bind ?*cause017* (assert (c017)))) 

Dif ferent 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 shown in the listbox, 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 

A
lp

a
c
a C027 Storage of 

fibers under influence  

UV irradiation on bleached alpaca fibers influences 

yellowing and is related to photo-degradation of keratin  
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Table 4.8 (continued) 

Fiber Causes Explanation 
 

of light 

fiber with associated losses in strength, elasticity and an 

increase in porosity and swelling of the fiber 

C001 Too high 

alkalinity (scouring) 

Alkaline conditions (pH >7) are far more damaging than 

acid conditions for alpaca. Scouring of alpaca should be 

done using low detergent volumes as its grease content 

is lesser than that of wool. This will result in less 

yellowing of alpaca due to adverse effects of pH. The 

total detergent dose based on weight of greasy fiber 

throughput, for greasy alpaca is about half dose of 

greasy wool scouring. 

C105 Too long 

drying time 

If alpaca is dyed in a small lot, it can be laid flat to dry 

in an ambient temperature for 24 hours. For machine 

drying, it should be tumble dried at low heat (60°C) for 

1 hour. 

C017 Presence of 

iron salts (bleaching) 

Soften water by using one of the following processes; 

1. Lime-soda process 

Temporary hardness 

Ca(HCO3)2 + Ca(OH)2 Ą 2CaCO3 Ź+2H2O 
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Table 4.8 (continued) 

Fiber Causes Explanation 
 

 

Mg(HCO3)2 + Ca(OH)2 Ą MgCO3 +CaCO3 Ź+H2O 

MgCO3 + Ca(OH)2 Ą Mg(OH)2 Ź+CaCO3 Ź 

Permanent hardness 

MgCl2 + Ca(OH)2 Ą Mg(OH)2 Ź+CaCl2 

CaSO4 + NaCO3 Ą CaCO3 Ź+Na2SO4 

CaCl2 + Na2CO3 Ą CaCO3 Ź+2NaCl 

2. Base-exchange process: base exchange complex 

is zeolite sodium alumina silicate 

(NaAlSiO4Ā3H2O) 

3. Demineralization process: Ion exchange resin: 

cation, anion exchangers 

Silk 

C027 Storage of 

pretreated fibers under 

influence of light 

As silk is sensitive to light, avoid direct heat or 

sunlight for white or light colored silk, this would 

help to prevent silk from ñyellowingò. 

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 solution. Then, it should be washed 

with water again and dried at ambient conditions. 

 

 



 

351 

Table 4.8 (continued) 

Fiber Causes Explanation 
 

C009 Too long 

processing time 

(degumming) 

Prolonged boiling of silk in water will produce slow 

degradation and hydrolysis. The extent of degradation 

depends on the pH of the solutions and is minimal between 

pH 4-8. 

C017 Presence of 

iron salts 

(bleaching) 

Soften water by using one of the following processes; 

1. Lime-soda process 

Temporary hardness 

Ca(HCO3)2 + Ca(OH)2 Ą 2CaCO3 Ź+2H2O 

Mg(HCO3)2 + Ca(OH)2 Ą MgCO3 +CaCO3 Ź+H2O 

MgCO3 + Ca(OH)2 Ą Mg(OH)2 Ź+CaCO3 Ź 

Permanent hardness 

MgCl2 + Ca(OH)2 Ą Mg(OH)2 Ź+CaCl2 

CaSO4 + NaCO3 Ą CaCO3 Ź+Na2SO4 

CaCl2 + Na2CO3 Ą CaCO3 Ź+2NaCl 

2. Base-exchange process: base exchange complex is 

zeolites sodium alumina silicate (NaAlSiO4Ā3H2O) 

3. Demineralization process: Ion exchange resin: cation, 

anion exchangers 
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Table 4.8 (continued) 

Fiber Causes Explanation 
W

o
o

l 

C027 Storage of 

pretreated fibers 

under influence 

of light 

Avoid exposing wool to sunlight since it results in concurrent 

photo-yellowing and photo-bleaching of wool. The color 

change observed depends on the initial color of the wool and 

the relative intensities of the different wavelengths. White 

wool is yellowed by the UV wavelengths (<380 nm), whereas 

visible light (400-600 nm) photo-bleaches the existing yellow 

chromophores. 

C001 Too high 

alkalinity 

(scouring) 

Wool is readily degraded in alkaline solutions, particularly at 

high temperatures.  Use sodium carbonate, instead of strong 

alkalis such 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. On 

a commercial scale and using large mechanical dryers the 

wool is set on screen tables with hot air circulation at 135°C 

for 2 hours. 

C017 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 Explanation 

 (bleaching) 

Temporary hardness 

Ca(HCO3)2 + Ca(OH)2 Ą 2CaCO3 Ź+2H2O 

Mg(HCO3)2 + Ca(OH)2 Ą MgCO3 +CaCO3 Ź+H2O 

MgCO3 + Ca(OH)2 Ą Mg(OH)2 Ź+CaCO3 Ź 

Permanent hardness 

MgCl2 + Ca(OH)2 Ą Mg(OH)2 Ź+CaCl2 

CaSO4 + NaCO3 Ą CaCO3 Ź+Na2SO4 

CaCl2 + Na2CO3 Ą CaCO3 Ź+2NaCl 

2. Base-exchange process: base exchange complex is zeolites 

sodium alumina silicate (NaAlSiO4Ā3H2O) 

3. Demineralization process: Ion exchange resin: cation, anion 

exchangers 

 

4.6.2.4 Creation of the User Interface 

User interface is an important element enabling the 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 to explain reasoning activities within the system to the 



 

354 

user. In Dexpert-PT 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 of the 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. 

 

 

Figure 4.30. The main Interface for Dexpert-PT system. 
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4.6.2.5 Substrate 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 dyeing industry. The substrate selection window is shown in 

Figure 4.31. 

 

 

Figure 4.31. Interface for the selection of the typical substrate forms in Dexpert-PT system. 
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4.6.2.6 Selection of Symptoms   

 Once the substrate form has been selected, the interface will enquire about 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 Dexpert-PT developed 

at the Color Science Laboratory at the College of Textiles, North Carolina State University 

provides 16 faulty dyeing sample images to elevate the diagnostic accuracy and heighten 

userôs knowledge and facilitate their selections. Dexpert-PT can reach an accurate diagnosis 

through selected symptom(s) from real defected images and apply the reasoning process to 

the selected symptom(s). The image-selection component is employed to identify and 

classify dyeing symptoms into a knowledge base. Figures 4.32 ï Figure 4.35 show the 

interface windows for different symptoms and four types 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 

ñFabricò substrate form), and then proceed to diagnosis. 
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Figure 4.32. Typical symptoms images for substrate in the ñFibersò form in Dexpert-PT. 

 

 

Figure 4.33. Typical symptom images for substrate in the ñYarnò form in Dexpert-PT. 
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Figure 4.34. Typical symptom images for substrate in the ñFabricò form in Dexpert-PT. 

 

 

Figure 4.35. Typical symptom images for substrate in the ñGarmentò form in Dexpert-PT. 
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4.6.2.7 Diagnosis Function  

The diagnosis is preceded in the following steps: 

1. Select dyeing forms 

2. Select dyeing machines 

3. Press ñDiagnoseò button to start the diagnosis 

An example of the dialogue box is shown in Figure 4.36- Figure 4.39. More details 

pertaining to questions are given in Appendices 11-26.  

 

 

Figure 4.36. Diagnosis interface for ñFibersò substrate form in Dexpert-PT. 
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Figure 4.37. Diagnosis interface for ñYarnò substrate form in Dexpert-PT. 

 

 

Figure 4.38. Diagnosis interface for ñFabricò substrate form in Dexpert-PT. 
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Figure 4.39. Diagnosis interface for ñGarmentò substrate form in Dexpert-PT. 

 

4.6.2.8 Explanation Function  

The method by 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 

cause can result in the selected symptom, they can select the ñExplainò option to see more 

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 information and the inference 

engine drive the selection forward until the final solution is achieved. 
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 Figure 4.40. An example of the explanation function in Dexpert-PT. 

 

4.6.2.9 Running Dexpert-PT 

The installation and execution procedure of Dexpert-PT system is given in Appendix 

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. Once the user 

selects the ñdiagnoseò option the system initiates a series of questions related to the specific 

selections. 
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Figure 4.41. An example of how to run Dexpert-PT 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 evaluation of 

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 specifications. 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 field [380,381]. To summarize, this important part of research is 

designed; 

a) To show the system is ñbuilt rightò Ą verification 

b) To show the ñright systemò was built Ą validation 

c) To show the usefulness of the system Ą 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 examines the technical 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 the output 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 examples. The test set covers all the important cases which 

contain enough examples to ensure that the results are all correct [384,385]. 

The final step is evaluation. This reflects the acceptance of the system by the end 

users and the performance of the system in its application. Test case evaluation involves a 

Turing-Test-like process through which the test case responses from the experts as well as 

the system are evaluated by the same panel of experts 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 step for this 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 cumbersomeness 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 reasons for their occurrence. 

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 from several 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 textbooks and peer-reviewed 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 if it is too complicated to use; does not save the operatorôs efforts; 

or solves problems that are rarely needed in practice [388,389]. More details for each step in 

relation to the ES developed in this study are given in the following sections. 

5.1.1 Verification approach (Building the system ñrightò) 

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 traditional software 

engineering approaches which are used to verify the working program [390,391]. The 

verification process is employed to identify anomalies in the system, and is accomplished 

through the following tasks; 

¶ Revision and proofreading the knowledge base coded in the system; 

¶ Comparison of the system output with the knowledge 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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¶ Check the system for anomalies, type of anomalies that are most commonly identified and 

need to be corrected in the system which include: 

Redundancy: codes 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 format for a better understanding of ñif p then q, if p then not qò; 

Circularity: In the IF-THEN format, circularity is the code that shows ñif p then q, if q 

then pò 

Deficiency: This anomaly is when the system has valid inputs, but no rules apply. 

¶ Check the system behavior in case of unexpected inputs from user and add rules 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 code-ability [392-394]. 

Confidence is the level of consistency, reliability, and dependability of decision 

support as a result of utilizing the system. Within a rule-based structure, confidence is often 

best implemented by requiring 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 system such as redundancy, conflict, circularity, 

and deficiency, etc. 

Code-ability 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 knowledge base. As interactivity considers the ease of user interaction, code-ability 

measures the same for the underlying code base and program. The flexibility of the 

knowledge representation determines the systemôs ability to express the knowledge domain. 

5.1.2 Validation approach (Building the ñrightò system) 

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 ESôs diagnosis to responses given by human experts [395].Sixteen faulty dyed 

protein textile materials were exhibited to human experts to obtain expert dyersô opinions on 

what they consider as root causes of the symptoms and to validate the knowledge 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 lines. 

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 the faults. Experts 

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) are shown in Table 5.1. Weighted average responses from five 

industry experts who contributed to the development of the ESôs knowledge base are given in 
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the left-hand column, while knowledge from the literature is shown in the middle column and 

responses from seven individual experts that participated in the final validation interview are 

given in the right-hand column. Analysis of responses indicates that for the most part 

responses from the experts were approximately consistent. The actual cause for this sample 

was ñfabric stretched too much on an open width machineò (C077), which is the cause most 

selected by the participating experts, and also the most likely cause indicated by the expert 

system database as well.  

Another example is the responses relating causes to the presence of specks, stains, or 

spots (S8) as shown in Table 5.2. Cause 107 ñSoftener spottingò was the most selected cause 

for this symptom by the participating experts. According to the literature and the expert 

systemsô knowledge base, the presence of specks, stains, or spots 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 systemsô knowledge base as well as the literature were not predicted by the panel of 

experts that participated in the validation process. The most prominent cause for this 

symptom according to the ES is ñdye precipitationò (C046), however, only EE-EG suggested 

leading causes that 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 causes of faults that they encountered or experienced. However, an expert systemôs 

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 they 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.  

In summary, expert judgments are often not completely accurate. An individualôs 

accuracy and repeatability must be assessed in comparison to 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 comprehensive and contains useful information. A more detailed comparison 

of diagnoses from the human experts and the ES is given in Appendices 28-41. 

  

 

 

 

 

 

 

 

 

 



 

371 

Table 5.1. Responses from a panel of dyeing experts, expert systemôs knowledge base and the literature concerning to 

shrinkage (S15) on protein textile materials. 

S15: Shrinkage 

Expert System's Knowledge Base Literature Expert Panel Interviewed 

Cause Description 

Medium 

CF 

Commonness Reported Causes EA EB EC ED EE EF EG 

C077 

Stretch 

fabric too 

much on 

open width 

machine 

0.6 S4,S10-12 

[3],[28],[33],[42],[46]

,[150],[154],[234-

236] 

V  V V V V V 

C002 

Too high 

temperature 

0.6 S1,S10,S16 [3],[28],[33],[42],[46]     V  V 
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Table 5.1 (continued) 

S15: Shrinkage 

Expert System's Knowledge Base Literature Expert Panel Interviewed 

Cause Description Medium CF Commonness Reported Causes EA EB EC ED EE EF EG 

C001 

Too high 

alkalinity 

0.5 

S(1-

3,5,6,10,12,14,16) 

[3],[28],[33],[42],[46]   

 

 V 
 
V 

C011 

High 

mechanical 

stress 

0.4 S11-13 

[3],[7],[32],[33],[185],[

261] 

  V   V 
 

C009 

Too long 

processing 

time 

0.4 

S(1-

3,10,12,14,16) 

[3],[7],[32],[33],[185],[

261] 

    V 
 
V 

Note: V = consistent diagnosis 
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Table 5.2. Responses from a panel of dyeing experts, expert systemôs knowledge base and the literature concerning to the 

presence specks, stains, or spots (S8) on protein textile materials. 

S8: Presence of specks, stains, or spots 

Expert System's Knowledge Base Literature Expert Panel Interviewed 

Cause Description 

High 

CF 

Medium 

CF 

Commonness Reported Causes EA EB EC ED EE EF EG 

C046 

Dye 

precipitation 

1.0 

 

S1-6,S9 

[3],[28],[33],[42],[46],[10

6],[147], [148] 

    
V V V 

C005 

Presence of 

extra dirt or 

VM. 

0.7 

 

S1-5 [3],[28],[33],[42],[46]     
V V V 

C107 

Softener 

spotting  

0.6 

 

[3],[28],[33],[42],[46],[14

9],[240], [250] 

 
V V V V V V 
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Table 5.2 (continued) 

S8: Presence of specks, stains, or spots 

Expert System's Knowledge Base Literature Expert Panel Interviewed 

Cause Description 

High 

CF 

Medium 

CF 

Commonness Reported Causes EA EB EC ED EE EF EG 

C007 Soap residues 

 

0.6 

S(1-3,5-

7,9,16) 

[3],[7],[32],[33],[18

5],[261]     
V V V 

C017 

Presence of iron 

salts  

0.5 

S(1-

3,5,6,10,12,1

6) 

[3],[28],[33],[257],[

259],[261] 

    
V 

 
V 

C021 

Presence of metals 

(iron, copper)  

0.5 S(1-4,6,16) 

[3],[28],[33],[257],[

259],[261] 

    
V 

 
V 

C008 Incomplete  0.5 S(1-3,5,6,16) [3],[7],[32],[33],     V V V 
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Table 5.2 (continued) 

S8: Presence of specks, stains, or spots 

Expert System's Knowledge Base Literature Expert Panel Interviewed 

Cause Description 

High 

CF 

Medium 

CF 

Commonness Reported Causes EA EB EC ED EE EF EG 

C008 Incomplete 

 

0.5 S(1-3,5,6,16) 

[3],[7],[32],[33], 

[185],[261]     
V V V 

C047 

Poor 

quality  of 

auxiliary 

 

0.4 S(1-3,5,7,9) 

[3],[28],[33],[42],[46],[106]

,[147], [148] 

    
V V V 

C049 

Low 

solubility 

of auxiliary 

 

0.4 S(1-3,5,7,9) 

[3],[28],[33],[42],[46],[106]

,[147], [148] 

    
V V V 
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Table 5.2 (continued) 

S8: Presence of specks, stains, or spots 

Expert System's Knowledge Base Literature Expert Panel Interviewed 

Cause Description 

High 

CF 

Medium 

CF 

Commonness Reported Causes EA EB EC ED EE EF EG 

C069 

Dye 

sedimentati

on 

 

0.4 S(1-3,5,9) 

[3],[28],[33],[42],[46],[1

50],[154], [234-236] 

    V  
V 

C035 

Dyebath 

(LR) too 

low 

 

0.4 S(1-4,9) 

[3],[28],[33],[42],[46],[1

06],[147], [148] 

    

 

 
V 
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5.2 Evaluation of dyeing expert system of protein fibers 

Evaluation of an expert 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 goals [396-409].  

Pertinent issues in evaluation are: 

¶ Is the system user friendly and do the users accept the system? 

¶ Does the system give correct results and is the logic of the system correct? 

¶ Does the expert system offer an improvement over the practices it is intended to 

supplement? 

¶ 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 considered as 

essential in the evaluation of an information system including [396]; 

1. Usability of measures in relation to the system characteristics and to the degree of user 

satisfaction. The user friendliness of the system and 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 available without 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 navigation process and to available help? 

2. Impact of the system in the decisions of the user 

-  Does the system increase the usersô confidence? 

-  Does the system enable users to take decisions, establish compromises and provide 

appropriate guidance? 

-  Does the system enable improvements to decision-makersô performance? 

-  Does the system change the nature of usersô tasks and jobs in a manner that motivates 

continued use of the expert systems? 

3. Impact of the quality of the information provided to the user 

-  The system provides adequate 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 thus improve the performance of new employees? [410] 

-  Is the representation of knowledge suitable? [411] 

5.2.1 System evaluation 

Evaluations by users help to determine the utility of the 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 performance of the system which are; usefulness, user-friendliness, 

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 the results 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 to use, it is ñunfriendlyò, or too expensive [412-423] . Therefore, 

five evaluation criteria have been selected to evaluate the system, which are: 

¶ Usefulness 

¶ User-friendliness  

¶ Response time 

¶ Education/training value, and 
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¶ Overall performance 

5.2.1.1 Initial 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. The 5-point scale also 

forces a sharper focus than is possible with the 1 to 10 scale [424-430] . According to 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)  

User-friendliness    67% (2/3) 33% (1/3) 

Response-time   33% (1/3) 33% (1/3) 33% (1/3) 

Education/training value    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; 

¶ 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 house; especially when they have to learn 

how to fix the problems quickly and/or no senior workers are available to assist them at 

the time.  

¶ One user asked if the font size used on the systemôs interface could be larger. 

In the initial evaluation, the system received positive feedbacks from evaluators. They 

appreciated the overall objective of the system and its ñusefulnessò for application in the 

industry. Two users evaluated ñuser-friendlinessò of the system as good and one user 

evaluated it as very good. Due to the simplicity of the systemôs interface, its interactive 

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 

ñEducation/training valueò of the system was also found to be favorable by all evaluators, 

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, machines, etc. 

for users. The system was evaluated to have an excellent ñEducation/training valueò to those 

involved in the dyeing industry since the system provides a comprehensive list of possible 

causes to various symptoms which can assist the dyer to determine the root 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 reduce time, money, and resources to transfer such  
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knowledge to novice dyers very quickly. 

5.2.1.2 Final 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 protein fibers. 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, good, or 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)  

User-friendliness   20% (1/5) 60% (3/5) 20% (1/5) 

Response-time    60% (3/5) 40% (2/5) 

Education/training value   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 final evaluation stage, 

are as follows; 
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¶ It would be excellent if in future, the system could become commercially available in 

other languages besides English. 

¶ Users were interested in the approximate cost of the system to determine the possibility 

of purchasing a copy.  

¶ Will the system be commercially available for one specific fiber, or a comprehensive 

system which can diagnose the problems for various fiber types?  

¶ What is the cost of the comprehensive system compared to the system for only one 

specific fiber type? 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. 

¶ One user asked if the system could become similar to a web-based 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 

ñUsefulnessò, ñResponse-timeò, and ñOverall performanceò. Four users considered the 

system as user-friendly. One user, who commented the system should be available in other 

languages as well, chose fair for this criterion and also for ñEducation/training valueò. In this 

case language seems to have been a barrier for the user. Addressing this 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 the system to have excellent ñEducation/training valueò to those 

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 system for introduction 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 faulty dyeing 

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 diagnosed by seven 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 samples by human 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-EG who were directly involved in the dyeing process exhibited better performance than 

Experts EA-ED. 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 expert system 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 published materials, 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, outlining the faults 

and the expertsô responses, is shown in Table 5.6. The highest accuracy of fault diagnosis 

(100% by all seven experts and Dexpert-PT) was S8: Reduced mechanical strength, with the 

correct diagnosis of 100% as well. The faults that were recognized the least, 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 EB EC ED EE EF EG ES 

Years of 

experiences 

30 39 46 40 37 25 33 - 

Location USA India USA UK Thailand Thailand Thailand - 

No. of correct 

diagnoses 

8 9 8 7 12 10 11 16 

Approximate 

accuracy 

50% 56% 50% 44% 75% 63% 69% 100% 
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In the matter of years of 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 

Expert Fôs responses indicate 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 the highest 

accuracy at 75% among experts, has 37 years of experiences.  

 

 

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 cause of a symptom with a degree of certainty. In addition, career paths  
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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 currently related to the actual 

dyeing process. These individuals may have less exposure to dyeing problems and while they 

have the expertise, their knowledge may not be current. Thus expertsô different educational 

backgrounds and industrial experiences likely results in 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 can provide 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 (EA-EG) and the expert system (ES). 

Symptom Actual cause EA EB EC ED EE EF EG ES 

% 

diagnosis 

S1: Reproducibility C028 Too low temperature     V V V V 50% 

S2: General 

unlevelness 

C035 Dyebath liquor to good ratio 

too low 

 V   V V V V 63% 

S3: Different shade C100 Too low flow rate  V  V    V 38% 

S4: Presence of steaks C074 Rapid exhaustion rates V     V  V 38% 

S5: Poor color yield 

C008 Incomplete removal of 

impurities 
V    V   V 38% 

S6: Dull shades C084 Too high turbidity  V V V   V V 63% 

S7: Inadequate fastness C095 Too low washing temperature     V V V V 50% 
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Table 5.6 (continued) 

Symptom Actual cause EA EB EC ED EE EF EG ES 

% 

diagnosis 

S8: Presence of specks, stains, 

or spots 

C107 Softener spotting  V V V V V V V 88% 

S9: Presence of ending and 

tailing 

C062 Substantivity too high     V V  V 38% 

S10: Reduced mechanical 

strength 

C010 Too high alkalinity V V V V V V V V 100% 

S11: Adverse changes in 

appearance 

C011 High mechanical stress V V V    V V 63% 

S12: Local damage C103 Sharp edges/sections V V V  V V V V 88% 
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Table 5.6 (continued) 

Symptom Actual cause EA EB EC ED EE EF EG ES % diagnosis 

S13: Presence of 

stop/rope/pressure 

mark 

C101 Overload in machine  V V  V   V 50% 

S14: Comfort 

properties 

C085 Presence of 

silicate  deposits 
V   V V V V V 75% 

S15: Shrinkage 

C077 Stretched fabric too 

much on open width machine 
V  V V V V V V 88% 

S16: Yellowing 

C109 Too high drying 

temperature 
V V V V V  V V 88% 
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CHAPTER 6 CONCLUSIONS  

6.1 Research summary 

The aim of the present research was to develop a knowledge-based expert system in 

the domain of troubleshooting problems in the dyeing of protein fibers. The emphasis of the 

research was 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 accomplished 

in the following two main phases; Phase I: 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 base, related to dyeing problems of protein textile materials, was 

built using information obtained from hundreds of various sources, including textbooks, 

peer-reviewed journals, manuals, textile magazines, theses, dissertations, reports, reputable 

websites, etc. 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 dyeing of protein 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 well as peer-reviewed sources, was created. The list of 

causes and symptoms was reviewed 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 among 16 most 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 academic experience from 25-50 years, responded to the survey. Experts 

included a manufacturing director, an associate director (dyeing research), a dyeing and 

finishing manager, a yarn dyeing manager, and an emeritus professor/chief scientific officer. 

Experts 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 web-based survey on SurveyMonkeyTM website, or on the 

Excel file format upon their preference. They were instructed to select a certainty factor of 0 

to indicate no correlation between cause and symptom, and 10 to indicate cause had an 

excellent correlation with the symptom. Experts were also provided with 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. A database 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 expert system programming environment, where 

cause/symptom rules were established, and a simple/user-friendly interface was designed 

using wxCLIPS: ver. 1.64. This phase of the research took the period of two years.  

Phase II: Testing and Evaluation 

After knowledge 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 

evaluation 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 panel of experts. 

They were asked to rate the developed expert system based on five evaluation criteria: 

usefulness, user-friendliness, response-time, education/training value, and overall 

performance. This stage also involved a comparison of responses between human experts and 

the expert system.  

The performance of the Dyeing Expert System for Protein Fibers (Dexpert-PT) in 

diagnosing faults was compared against the performance of individual human experts. 

Sixteen faulty dyeing samples were obtained, with exact causes of 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 in the case 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.  

Dexpert-PT contains a number of 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 diagnosis, coding, and user-friendliness. The systemôs 

knowledge base contains 12 commercially important protein fibers, which is a rich database 

for potential users. It provides a user-friendly interface which is easy to understand. In 

addition, the user query message-box contains yes, no and a ñcancelò button, to enable the 

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 advice 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 types is also provided. 

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 worldôs total textile fiber production quantities, protein based material occupy an 

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 expanding. Applications 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, nevertheless they are highly sought after and play a significant role in 

the luxury, high value-added 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, amount to $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 knowledge-based 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 may be scarce, 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 to bridge the gap 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 system can speed 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 comprehensive review and analysis of problems and potential causes in the dyeing of 

protein fibers, using over 400 references and interviewing 17 industrial and/or academic 

dyeing experts, has been generated. An overview of various operations involved in the 

preparation, dyeing, and finishing of protein fibers is given. 

2. Identification of sixteen most common dyeing faults with 110 potential causes based on 

dialogue with experts, which can be used to determine dyeing variables, as well as the 

interrelation among these factors. 

3. Development of a fishbone diagram to indicate the inter-relationship 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 Online via SurveyMonkeyTM website and an 

Excel formats, and distributed to experts across the globe. Expertise 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 range of 

industrial and/or academic experience from 25-50 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. 

5. Development of a new expert system shell, various 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-base of the expert system can be 

useful to other knowledge engineers in building expert systems for other domains. The 

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 future applications. 

6. The Dyeing Expert System for Protein Fibers (Dexpert-PT) 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 the expert systemsô 

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 of a given fault(s). An 

explanation function is also incorporated to provide the user with simple reasoning 

behind each response. 

7. Faulty dyed samples have been produced and used in the validation process of the 

system. Participating experts were asked to determine the 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 

appreciated the value of the combined knowledge from many sources related to the 

dyeing of protein fibers, and considered the system to have an excellent 

ñEducation/training valueò to everyone involved in the dyeing industry. The system 

provides a comprehensive list 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: 

¶ Expert systems have many advantages over conventional process which include provision 

of consistent responses for repetitive decisions, maintaining significant levels of 

information, and clarification of the logic employed in decision-making processes which 

are available to users all the time, etc. 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 adapt to changing 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 



 

399 

well as pattern recognition in the system. However, 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 involving machine learning and pattern recognition 

domains. 

¶ Evaluations by humans, unlike those obtained from expert systems, are not always based 

on a logical set of rules. In many domains, expertsô decisions are based on their 

perceptual and conceptual understanding of the issue and previous educational 

background and work experiences. Experts possess valuable knowledge; however, they 

may require training to convey this knowledge accurately. Implementing the ñDelphi 

methodò, through completion of interviews or collection of feedback from each expert, 

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 disagreement. The information 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 in reaching the consensus among experts. 

However, the potential drawbacks of this process are; 1) it may create bias in final 

responses, as some expertsô responses with lower votes may be neglected. However, 

these óunlikelyô responses might represent significant causes of the symptoms in different 

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, and 3) due 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 applied to 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.  

¶ Dexpert-PT is a dynamic system which works based 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 salience 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 is defined 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. To select an 

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 a 

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 the user selects 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 fibers. Each fiber would have 

different explanation message stored in its own module in the knowledge base. 

¶ The development of expert system as web-based software that can be accessed online, or 

an application that can be used on any electronic mobile device to improve convenience 

of use, such as tablets and smart phones. 

¶ 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, polyester, and ink-jet printing into one software package. 

¶ 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 characterized by many 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 become increasingly 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 computer-based 

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 protein fibers 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. The system allows 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 the problems, 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 by various 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 show good 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 programming-based projects, to develop additional diagnostic 

expert systems in the coloration of textiles, and ultimately produce a comprehensive 

diagnostic system to cover all common dye-fiber combinations. 
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Appendix 1. Main sheep breeds in wool fibers today. 

(Note: * Conservation Breeds, ** Critical Conservation Breeds) 

Family Breeds Types/ Strains Picture 

Blackfaced 

Mountain 

Dalesbred* - 

 

Derbyshire Gritstone - 

 

Lonk* - 

 

Rough Fell* - 

 

Scottish Blackface 

(Blackfaced Highland, 

Kerry, Linton, Scottish 

Mountain, Scottish 

Highland, Scotch 

Blackface, Scotch Horn) 

Lanark 

 

Northumberland 

Perth 

Newton Stewart 
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Family Breeds Types/ Strains Picture 

Swaledale - 

 

Cheviot 

Cheviot - 

 

Brecknock Hill Cheviot - 

 

North Country Cheviot - 

 

Dorset 

group 

Dorset Horn* - 

 

Polled Dorset - 

 

    


