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Abstract 
In today’s World, sustainability is not just a buzz word but should be the new quality. 

In order to live in a pollution free environment, there is an urgent need to move 

towards a circular economy. The rapidly increasing demand of textiles results in high 

amount of textile waste leading to pollution. Textile to textile recycling is the most 

feasible solution to minimize textile waste while meeting the fashion demand. 

Mechanical recycling by shredding is one way of recycling textiles where, fabrics are 

broken down into their constituent fibres. The problem with this method is that, after 

shredding, there is huge reduction in fibre length due to the harsh process. This 

makes it difficult to use a high percentage of these reclaimed fibres in formation of 

new textile garments. The main focus of this thesis was to reduce the fibre length 

drop that occurs during shredding through lubricant pretreatment. 

It was anticipated that, inter-fibre friction would be the reason for the huge fibre 

length drop during shredding. Therefore, a method was developed to measure the 

inter-fibre friction of cotton and polyester staple fibres using a tensile tester. The 

effect of blending on inter-fibre friction was investigated. Different types of lubricants 

were used to alter the inter fibre friction. The lubricants were sprayed on the fibres 

and dried prior to carding. Two lubricants were chosen for pretreatment of fibres for 

yarn formation. The effect of the lubricant on the inter-fibre friction of carded fibre 

webs as well as yarn strength and spinnability were investigated. 

The results showed that, the method developed can be used to measure inter-fibre 

friction of staple fibres. It was also found that, inter-fibre friction in carded webs 

depends on the crimp and mechanical interlocking in the web. Inter-fibre friction in 

blended fibres depends on the percentage amount of each fibre in the blend. 

Addition of a small amount of lubricant significantly lowers the inter-fibre friction. The 

effect depends on the type of lubricant and type of fibre. Lubricant amount above 

1.43% on weight of fibre lead to poor carding of fibres. Lubricant amounts between 

0.29 % and 1% on weight of fibre lead to good carding of cotton and polyester fibres 

but the cotton fibre webs may not be spun. PEG4000 lubricant was found to 

significantly lower the inter-fibre friction compared to other lubricants. 

It was also found that, lubricants significantly affect the tensile strength of the yarn as 

well as their spinnability. Basing on the results, it was concluded that, lubricant 

pretreatment of fabrics prior to shredding will most likely provide a more gentle 

process. This was based on the fact that, the lubricants reduce the inter-fibre friction. 

This enables easier slippage of fibres within the yarns which facilitates easier 

deformation of the yarns during the shredding process. Thus reduce the fibre length 

drop. PEG 4000 is more likely to provide better results when used in amounts 

ranging from 0.1 to 0.71% on weight of fabric. Besides that, PEG is safe for the 

environment. 

Key words; recycling, mechanical recycling, shredding, inter-fibre friction, lubricants, 

fibre length. 
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Popular abstract 
In today’s World, staying in an environment free from pollution is very necessary. 

The quality of products should be related to how their production and usage relates 

to environmental conservation. The demand of textile is increasing each year due to 

the ever changing fashion. This has resulted into increased textile waste leading to 

pollution. Recycling textiles back to textiles is the solution to minimise textile waste 

while meeting the fashion demand. This can be achieved by breaking down the 

fabrics into fibres using machines; a process called shredding. The problem with this 

method is that the fibres produced cannot make good quality textile garments 

because they are too short. 

The aim of this thesis was to reduce the amount of short fibres produced so that they 

can make good quality garments. It was anticipated that, friction between the fibres 

could be the reason why short fibres are produced during shredding. Therefore, a 

method was developed to measure the friction of cotton and polyester staple fibres 

using a tensile tester. Different types of lubricants were used to alter the friction 

between the fibres and their effect on yarn production was investigated. 

The results showed that, the method developed can be used to measure friction 

between the fibres. It was also found that addition of a small amount of lubricant 

significantly lowers the friction between the fibres. The effect depends on the type of 

lubricant and type of fibre. Lubricant amount above 1.43% on weight of fibre lead to 

poor opening and carding of fibres. Lubricant amounts between 0.29 % and 1% 

weight of fibre lead to good carding of cotton and polyester fibres, but the cotton fibre 

web could not be made into yarns. PEG4000 lubricant was found to greatly lower the 

friction compared to other lubricants. 

It was also found that lubricant pre-treatment greatly affects the strength of the yarn. 

For this reason, it was concluded that treating fabrics with lubricant before shredding 

is likely to lower the friction and improve the length of fibres produced during the 

shredding process. This will enable formation of better quality recycled garments. It 

was proposed that lubricant amounts between 0.1 to 1% on weight of fabric be used 

in shredding. 
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1. Introduction 
Sustainability is not just a buzz word in the current World; sustainability should be 

the new quality. The need for sustainable production through waste minimisation in 

order to live in a pollution free environment is rising each day. Textiles clothing are 

one of the basic needs in life apart from food and shelter. However, they are not only 

used for clothing, they are also utilised in medical, automotive, technical, agriculture 

and construction fields. The demand for textile for is increasing due to the, ever 

changing fashion. Each day comes with new fashionable styles which trigger sales 

and profit (Hawley, 2006a, Hawley, 2006b). Textile consumption has grown from 3.7 

kg of textile fibre for each person in 1950 to 11.1 kg fibre per person in 2007 

(Pensupa et al., 2017). In 2011, textile fibre consumption shot up from 89 million tons 

to 90.1 million tons in 2013 (Leonas, 2017). With such demand, the market of textile 

and clothing is forecasted to exceed 100 million tons by 2025 at a growth rate of 3.7 

% per year. Due to high demand, the industry has contributed significantly to the 

global economic (Pensupa et al., 2017). Even though the high consumption 

contributes to economic growth, it comes hand in hand with the production of high 

amounts of waste that pose environmental problems.(Leonas, 2017). Definitely, as 

consumption increases the waste increases and eventually escalates the problem of 

dealing with it (Hawley, 2006a, Hawley, 2006b). In Sweden, about 50 % of textile 

waste finds its way to incineration plants while 20 % is sent to charity and 30% 

remains in peoples closets or is disposed at recycling centres (Zamani, 2014). 

It is reported that in the United Kingdom, China and the United States, textile waste 

generated per year approximates to 1.0, 12.4 and 26.0 million tons respectively. In 

Hongkong, textile waste generation approximates to 239 tons per day. (Pensupa et 

al., 2017). In the United States, one person throws away 37.75 kg of clothing every 

year (Leonas, 2017). Textile waste occupies 5 % of the landfill in the United States. 

This creates environmental pollution and high CO2e (carbon dioxide equivalent) 

emissions. In 2012 disposal in landfills led to 8.5 metric turns of CO2e emissions in 

the United States. While, 1.1 million metric turns of CO2e emissions were produced 

through incineration of manmade fibres (Leonas, 2017). Additionally, there are 

limited landfill sites available for dumping waste. Moreover, incineration is by far not 

the best option due to environmental hazards involved. Thus, this has prompted 



2 
 

governments to regulate the amount of waste disposed and recycling is the best 

approach (Davies and Miraftab, 1999). 

Embracing a circular economy through closed loop recycling will minimise waste 

from the waste stream. The circular economy focuses on systems such as; reduce-

reuse-recycle. It aims to consistently utilise materials, components and products to 

their upper limit. (Leonas, 2017). Recycling is the disintegration of a product into its 

own raw materials which in turn can be used to make new products. (Payne, 2015). 

Closed loop recycling also known as cradle to cradle involves indefinite recycling of 

the material into the same product. For example, garments are recycled into new 

garments. (Payne 2015).  

Recycling of textiles is mainly approached in two ways; Chemical recycling and 

mechanical recycling. Mechanical recycling is an economic way of recycling where 

fabrics are broken down into fibres through shredding process (Voncina, 2016). The 

fibres obtained from this process are very short require to be blended with a high 

percentage of virgin fibres (Merati and Okamura, 2004). During shredding, there is 

build-up of friction between the fibres and metal spikes on the shredding cylinders 

(Wright, 1996). Frictional properties of fibres have a great influence on the behaviour 

of fibres during mechanical processing. They influence the rate at which fibres slide 

over themselves and other surfaces. (Ajayi, 1988). When fibres rub against each 

other or other surfaces, there is heat build-up. Fibres being poor conductors of heat, 

the temperature rises. If it raises high enough, it could destroy the structure of the 

fibre. (Gupta, 2008a). Controlling friction may be a crucial aspect during shredding. 

This thesis focusses on controlling friction between fibres in order to facilitate a 

gentle mechanical shredding of fibres.  

1.2 Problem description 

As the world endeavours to move towards a circular economy, there is an increasing 

demand for further improvement in closed loop recycling, particularly garment to 

garment recycling. Mechanical shredding is a cost effective way of recycling 

postconsumer garments. However, it has been given less attention in research as 

compared to the chemical recycling. There are just few published research on 

mechanical recycling of textile to textile fabrics. Mechanical shredding is termed a 

severe process that leads to damage of fibres which results in short fibre length less 
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than one-half inch, compared to about 1.5 inch length of virgin fibres. Therefore, the 

reclaimed fibres are too short to produce yarns and fabrics of substantial quality. 

They lead to high yarn breakage rates during spinning making the whole yarn 

production process difficult. Thus, most of these fibres find their way into other non-

clothing applications. For clothing purposes, the fibres are blended with a high 

percentage of expensive virgin fibres in order to achieve better quality yarns and 

garments.  

Some patented research has been made in attempt to increase fibre length during 

shredding and results have been positive, however this research has concentrated 

more on mechanical recycling of cotton. Limited research is available on mechanical 

recycling of polyester and polyester/cotton blends. The so called recycled polyester 

fibres are mostly produced from plastic bottles rather than textiles. According to 

literature, high fibre breakage during shredding is mostly due to friction build up 

between the fibres as well as between the fibres and the metal wires of the cylinder 

drums. Friction leads to heat build-up that dries up the fibres and makes them 

weaker leading to breakage and fibre damage. 

Lubricants are used in textile processing to control friction, minimise fibre damage 

due to abrasion, prevent heat build-up and reduce energy consumption. Lubricants 

have been used to control friction in most textile processes such as carding and 

spinning. However, no reference has been encountered in regards to use of textile 

lubricants to control friction during the shredding process. This research attempts to 

utilise lubricants as pre-treatments to control friction during shredding in a bid to 

minimise the fibre length drop of the reclaimed fibres.   

Having a high percentage of reclaimed fibres with acceptable fibre lengths eliminates 

the need to incorporate a high volume of expensive virgin fibres in the yarn. This 

minimises the need to use hazardous chemicals during cotton cultivation and 

synthesis of polyester. Moreover, processes like dyeing may not be necessary since 

yarns containing higher percentage of reclaimed fibres can be processed in their 

original colour. Having an acceptable fibre length of reclaimed fibres could be one 

step towards better quality recycled products. 
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Main aim 

To explore and evaluate how textile pre-treatment may reduce the fibre length drop 

during mechanical shredding. The research questions are; 

 Can lubricant pre-treatment reduce the fibre length drop during shredding? 

 Does inter-fibre friction affect the fibre length drop during shredding?  

 How is inter-fibre friction measured? 

 What is the effect of lubricant pre-treatment on inter-fibre friction? 
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2. Literature review 

2.1 Textiles fibres  

Textile fibres are classified in three different ways; Natural, synthetic and 

regenerated fibres. Natural fibres are derived from plants and animals. Natural fibres 

include cellulosic derived from plants and protein fibres from animals. Cellulosic 

fibres mainly include; cotton, flax and jute. Others include; kapok, remie, hemp 

abaca e.t.c, though their utilisation is limited. Protein fibres are wool and silk which 

are the most common. But others include hair fibres from camel goat angora though 

they are not being utilised. Synthetic fibres are manmade fibres derived from 

materials which are polymerised into polymers and then extruded into fibres. (Gupta, 

2008a). Regenerated fibres may also be categorised as manmade fibres derived 

from natural and renewable materials through a series of processes and chemical 

treatments (Schuch, 2016, Muthu, 2015). Examples are viscose and lyocell derived 

from wood pulp (Schuch, 2016). Natural fibres have their natural crimp and which 

gives the appropriate hand, softness, bulk and elasticity. However, manmade fibres 

do not have these properties, they have to be crimped and texturised during their 

production (Gupta, 2008a). Cotton and polyester are the most utilised fibres 

worldwide in making of garments and they are the subject of this research.  

2.1.1 Cotton 

Cotton is a natural cellulosic fibre obtained from cultivating the cotton plant. The fibre 

is one of the most popular raw materials in the textile industry and partakes the 

largest share in the market. Each year about 25 million tons of cotton is cultivated, of 

which 24% is produced in China. Most of the cotton produced in China is utilised 

within the country due to its high consumption in textile industry. (Pensupa et al., 

2017). However, it has been reported that the demand of cotton is gradually 

decreasing, where in years 2007 to 2012; it dropped from 38% to 31%. This was 

attributed to fluctuations in prices due to increasing labour costs in China. More so, 

there is high competition for land and water between cotton and food production. 

(Zamani, 2014).  

The structure of dry cotton fibres consists of convolutions and possesses natural 

crimp that develops when the fibres after the raw fibres have dried up. The cross-

section shape is similar to that of a kidney bean (Hearle, 2007). Cotton fibres have a 
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wide distribution of diameter and length depending on the type. The fibre length is in 

the range of 2 to 2.5 cm and diameter 16 to 20 µm. The linear density is 1 to 4 denier 

(2 to 20 µm). The fibre has breaking strength of 40 cN/tex, strain of 7% and initial 

modulus of 5N/Tex. It also contains 8% moisture under ambient conditions and when 

wet its strength increases. It is characterised by good strength and absorbance, has 

a soft feel and can be laundered several times (Gupta, 2008a). These properties 

make it more popular in production of clothing. Production of textile products from 

cottons begins right away from fibre production Where the cotton is cleaned, opened, 

carded in the blow room and spun into yarns (Lawrence, 2007). The yarns can be 

used for fabric production (weaving or knitting). An additional sizing process is done 

for yarns to be woven. The formed fabrics are de-sized, mercerised, scoured, and 

bleached. They can then either be printed or dyed to desired patterns and colours. 

The fabrics are then finished to impart any desired depending on the end uses. Each 

of these process releases a lot of waste which is dangerous to the environment. 

(Pensupa et al., 2017). 

2.1.2 Polyester  

Polyester also, known as polyethylene terephthalate is a synthetic fibre mainly 

synthesised from ethylene glycol and dimethyl terephthalate, via an ester 

interchange reaction. The polymer formed is melt spun to obtain textile fibres both 

staple and filaments.(East, 2005). Polyester is the most consumed fibre worldwide 

with of all textile fibres.(Hayes, 2011). 74% of the polyester is produced in staple 

fibre form and blended with cotton staple fibres.(Ramamoorthy et al., 2014). In 2012, 

it contributed 43 million tons of the synthetic fibre production, the highest producers 

being china, USA, Latin America and Eastern Europe (Aizenshtein, 2014). Its 

popularity is mainly due to, high strength, crease resistance, pleat retention, wash 

and wear properties. All these attributes have made polyester find its way into 

apparels, industrial textiles, automotive applications, interior textiles, medical textiles, 

sportswear, sail cloth to mention but a few. Some of the common trade names for 

polyester fabrics are Terylene® and Dacron®,  Trevira®,Tergal® (East, 2005).  

Polyester staple fibres have strength about 3.5 g/dtex (East, 2005). Polyester like 

most manmade fibres is manufactured with different cross-sectional shapes and 

linear densities ranging from 1 to 3 denier for apparel production. Polyester is mostly 

produced with a circular cross-section shape (Gupta, 2008a). Polyester staple fibres 
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are mostly blended with cotton fibres especially for garment production. Blending is 

done mainly to reduce production costs, improve product quality as well as to aid in 

efficient fibre processing (Lawrence, 2007). The properties of the blend are 

influenced by the properties of the individual fibres in the blend (Wanassi et al., 

2016). 

2.1.3 Environmental issues of cotton and polyester fibres. 

Cotton and PET being the largest consumed fibres, it is obvious that they carry the 

largest amount of waste. When PET is disposed in landfills, it does not decompose 

easily and so, becomes a threat to the environment (Ramamoorthy et al., 2014). 

Additionally, much as cotton is considered a biodegradable natural fibre, its 

production comes with a negative impact on the environment. During cotton growth, 

high amount of water, fertilizers, pesticides, insecticides are used in order to obtain 

high yields (Schuch, 2016, Pensupa et al., 2017). 11% of pesticides and 25% of 

insecticides produced worldwide are utilised by cotton growers. This has resulted 

into health and environmental hazards, weed resistance as well pest resistance 

(Grose, 2009). Moreover, 1 kg of cotton requires about 10,000 litres of water for 

cultivation and processing. The dyeing process alone consumes 30-200 litres for 

each kg. (Schuch, 2016). Thus, this makes production of virgin fibres costly. In fact, it 

has been reported that production of 1kg of cotton garment consumes about 1.5-

6.9kg of chemicals. Of which some of these chemicals may be dangerous to the 

environment (Roos, 2015). 

A full study life cycle assessment (LCA) i.e cradle-to-grave done on T-shirt made of 

100% cotton fibres and the other made of 100% polyester from Australia revealed 

that; 3.3kg CO2 e/kg  and 20 kg CO2 e/kg  are released in the production stages of 

cotton and polyester respectively. In the latter, the main concern was with the 

production of purified terephthalic acid while in the former, it was mainly fertiliser 

production. Final results of complete product level of a T-shirt were 5 kg CO2 e/T-

shirt for polyester and 4 kg CO2 e/T-shirt for cotton (Muthu, 2015). 

Organic cotton farming is currently the sustainable alternative to minimise chemical 

consumption during cotton growing. However, it still poses challenges such as; high 

operation costs, requires long periods of training for farmers, lower crop yields, 

unforeseen price fluctuations, and farmer’s negative perceptions (Grose, 2009). 
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Henceforth, there is still need for proper waste management strategies in order to 

save the environment from pollution as well as maximise profit. 

2.2 Textile waste and management 

Textile waste is mainly divided into two categories; Pre-consumer waste and post-

consumer waste. Pre-consumer waste is generated from industrial process before 

reaching the customer (Haule, 2016). Industrial textile waste can be termed as 

trashy, clean or hard waste. Trashy waste is mainly from the blow room and includes 

card waste and blow room waste. Clean waste is discarded during drawing and yarn 

spinning and requires no further cleaning. It mainly consists of comber noil, waste 

from speed frames draw frames and ring and rotor spinning machines. Hard waste 

requires opening during recycling process and it includes; twisted yarns and roving, 

knitted and woven fabric (Cheng and Wong, 1997). Postconsumer waste is 

generated from clothes discarded by the consumer after having been fully utilised. 

They may be discarded because they are torn, no longer fit the customer, worn out 

or are no longer fashionable (Haule, 2016, Hawley, 2006a). 

Management of textile waste requires all stake holders to come into play including 

government authorities. The European Commission’s Frame Work Directive 

2008/2009 (WFD2008) established a waste hierarchy (Figure 1) that should be 

followed by its 28 member states in order to effectively control waste. According to 

the hierarchy, prevention of waste should be top priority while disposal should be the 

last option (Gharfalkar et al., 2015). This is because there is no longer enough space 

available for deposing off waste. It is reported that in US, the number of landfill sites 

in 1988 decreased from 7,924 to 1,767 in 2002 (Collier et al., 2007). Landfills also 

lead to high level of global warming. When cotton fabrics are dumped in landfills, the 

global warming potential is 8.3 kg of CO2e higher than when incinerated (Yasin et al., 

2016).  
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Figure 1; Waste hierarchy as recommended by WFD2008. Adapted from; 

(Gharfalkar et al., 2015, Jeanes, 1996). 

Waste management is not only a means of saving landfills and the environment but it 

can be a cost saving venture. Companies require an organised approach in order to 

acquire more control over costs involved in waste disposal. This makes it less costly, 

simplifies compliance with environmental regulation and  thus upgrades the 

company’s reputation (Muirhead, 1999).  

2.2.1 Sorting 

Sorting is done after textiles have been discarded. The post-consumer wastes are 

brought to recycling centres through charity shops, textile banks, kerbside recycle, 

collecting them door to door, private sales, as well as disposal directly at the centres 

(Haule, 2016).  After garments are collected, they are sorted into different groups 

either automatically or done manually by humans (most famous). Some companies 

have devised technology to improve the sorting process. TEXAID has installed a 

computerised sorting system in Switizerland. Soex group in Germany utilises 

advanced sorting technique which uses infrared probe to identify fibre composition in 

garments (Haule, 2016). Each passing day the Soex group gathers up to 400 million 

tons of clothes. The materials are manually sorted into three groups; wearable, non-

wearable and jeans without stretch. The first group is reused as second hand, the 

second is shredded and the third allocated for fibre recycling (Schuch, 2016) 

More sorting technologies are under development mainly to improve sorting of post-

consumer textiles for recycling. FTIR (Fourier Transformer Infra-red spectroscopy) is 

one technology that can be used to identify the fibres present in the textile as well as 
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the kind of colour content. Another option is RFID (Radio Frequency Identification) 

which contains information about the fibres in the textile and the detailed instruction. 

The tag is attached by the manufacturer and should remain in the textile throughout 

its life cycle. When the same material arrives at the sorting unit, the tag can be read 

and the textile put in an appropriate bin. Two dimension bar code labels can also be 

used to bear detailed information concerning the textile. The information can later be 

read by the computer during the sorting process (Humpston et al., 2014). 

Hawley (2006b) explains in detail the sorting levels according to quantity of textile 

waste using a Pyramid model shown in Figure 2. The diamonds expensive items 

picked out from postconsumer waste thus take up the smallest share. She notes 

that, while used clothing can offer 50-75 cents, each item in the diamonds category 

can value several thousand USD (Hawley, 2006b).  

      

Figure 2; Pyramid model for waste recycling categories according to quantity. 

Adapted from; (Hawley 2006b). 

According to the model in Figure 2, most of the textile waste is sorted for reuse. It 

has been reported that reuse decreases the global warming potential by 15kg of 

CO2e for each kg of textile (Yasin et al., 2016). Post-consumer textiles for reuse are 

referred to as second hand clothing. Most of these are collected and the largest 

percentage is exported to African countries in form of charity (Hawley, 2006b). 

 Although second hand clothes are collected as a contribution to charity for the poor, 

it is no longer charity but big business with good profit.  More stringent laws are 

being imposed on the import of second hand clothing in Africa. The EAC (East 

African Community) proposed a ban on the importation of second hand clothing by 

2019 in order to boost the local textile manufacturing industry. It started by raising 

diamonds 

inceneration or 
landfill 

wipes and polishing 
cloth 

transforming into new 
products 

market for used clothing 
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the import tax of second hand clothing in 2016. This had a huge impact on those 

involved in the trade. (Katende-Magezi, 2017). Henceforth, with such upcoming laws, 

strategic measures are needed to improve recycling of postconsumer garments into 

new garments. 

2.2.2 Recycling 

Recycling started way back in history more however, it was not well perceived. 

Before the 1960’s, most recycled products were perceived as poor quality such that, 

having clothes from reclaimed fibres was a taboo in advanced societies. This attitude 

of people began to change around 1960’s and they embraced use of reclaimed 

materials. (Minhas, 1996). An increase in recycling rate was achieved in the 1970’s. 

(de Groot and Luiken, 1999).  

It is possible to predict that, the demand of recycled fibres will increase as years go 

by. This is because the availability of raw materials for production of virgin fibres has 

decreased. Fossil materials for synthetic production are also not readily available. 

Consequently, this will lead to development of more innovative and cost effective 

recycling processes (Gulich, 2006). Besides reducing landfill usage, recycling also 

reduces the hustle of acquiring raw materials (Davies and Miraftab, 1999). Moreover,  

it lowers the use of petroleum products used in synthetic production as well as 

energy consumption (Yuksekkaya et al., 2016). Production of textile fabrics from 

virgin fibres consumes 50% much more energy compared to that required for fabrics 

with high percentage of reclaimed fibres. Thus, 50% or more of the energy is saved. 

(de Groot and Luiken, 1999). The pathway of recycling textile waste is illustrated in 

Figure 3. Once the product has been discarded, it is sorted between recyclable and 

non-recyclable waste. The latter is either disposed off or incinerated and the former 

is either recycled back to the same product line or is recycled into other products. 
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Figure 3; schematic of the textile recycling process. Adapted from; (de Groot and 

Luiken, 1999). 

Recycling can be classified as primary, secondary, tertiary and quaternary. Primary 

recycling is where industrial scrap is recycled. In secondary recycling, postconsumer 
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Tertiary where plastic waste is processed to chemicals, fuels or monomers also 

known as chemical recycling and finally quaternary waste is incinerated of energy 

recovery (Voncina, 2016, Payne, 2015). 

Incineration of waste is mainly done for energy recovery from biodegradable waste 

which indeed minimises CO2e emissions in landfills. This process is capable of 

reducing 95-96% of textile waste in landfills. Textile waste has high energy contents 

thus can be incinerated for energy recovery (Pensupa et al., 2017). However, only a 

limited amount of energy is recovered. About 2% to 6% of the overall energy 

consumption is decreased through incineration and 20-60% through textile waste 

reuse. (Yasin et al., 2016). In addition to that, incineration has high potential to 

produce toxic compounds that pose human health hazards such as cancer. 

(Pensupa et al., 2017). Thus, incineration should be the last option for waste 

management. 

Chemical recycling involves chemical decomposition of fibre polymers into 

monomers and oligomers which may be extruded into fibres again. Polyester fibres 

are mostly recycled using this method by depolymerisation through glycolysis, 

methanolysis or hydrolysis. The other most commonly recycled fibre in this form is 

nylon 6 (Vadicherla and Saravanan, 2014). Attempts have been made to recycle 

textile blends using chemical recycling using selective degradation.  Examples of 

such research are polyester/cotton (Peterson, 2015), nylon/spandex (Yin et al., 

2014, Lv et al., 2015). Polyester/cotton blends are chemically recycled through 

selective dissolution by using NMMO (N-methylmorpholine-N-oxide) after the waste 

has been pre-cut into desired pieces, it is treated with NMMO. The solvent dissolves 

cellulose fibres leaving out polyester which is removed by filtration.(Zamani, 2014). 

In this kind of process the recycled fibres obtain are of similar characteristics to the 

virgin counterparts (Wolstenholme, 1996).  

Although chemical recycling has revealed promising results, the issue of colour in 

fabric presents a huge challenge. Colour removal is done by molecular breakdown of 

colour to obtain a colourless impression. However, these molecules still remain in 

the solution causing impurities which may accumulate and interfere with further 

processing. In addition, colour present in the coagulation bath may obstruct the 

production of regenerated fibre as well as reusing or recycling the bath itself 



14 
 

(Schuch, 2016). In polyester recycling the problem is being remedied by removal of 

dyes with CO2 and the former is recycled (Schuch, 2016).The other drawback of this 

method is that it requires high temperature, pressure and is tie consuming 

(Vadicherla and Saravanan, 2014). 

2.2.3 Mechanical recycling 

Mechanical recycling generally involves two approaches. One involves recycling 

thermoplastic waste especially bottles into fibres i.e. plastic to textile recycling. This 

is commonly done for PET bottles which are melted processed and extruded into 

textile fibres (Hayes, 2011).  The other approach of mechanical recycling is the 

recycling of textile to textile recycling. It involves disintegrating textile waste into 

fibres through a process called shredding (Haule, 2016).  

The path way of textile to textile mechanical process is shown in Figure 4 below. 

Recycling of post-consumer garments through the shredding process is the main 

focus of this thesis. The shredding process is discussed in detail in section 2.3. 

 

 

 

 

 

  

 

 

 

 

 

Figure 4; schematic for mechanical recycling of textile waste as a closed loop 

production. 
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Mechanical recycling is carried out in most European countries although in the 

Nordic region it is minimal due to absence of recycling technology and the operation 

costs involved. (Yasin et al., 2016). Many companies are trying to move to closed 

loop production by incorporating recycled materials into their products. The common 

companies that are involved in recycling are mention in the following section. 

2.2.4. Companies and brands involved in textile recycling. 

The SOEX group which has set up mechanical recycling facilities in 10 countries.  

About 15000 tonnes of postconsumer waste is recycled for non-textile applications in 

automobile and construction industries as insulation materials.(Zamani, 2014). More 

than 300 tons of denim as well as other cotton fabrics are recycled every month by 

Phenix. Among the products produced are Ultra TouchTM Denim used mainly for 

insulation and making mattresses for prisons (Voncina, 2016). Nike has been 

involved in recycling PET bottles into virgin polyester fibres.(Hayes, 2011). H&M a 

Swedish based fashion brand is recycling postconsumer waste into fashion products. 

In 2014, a collection of denim containing 20 percent of recycled yarns was 

presented. However, the percentage of recycled yarn is less because of the less 

quality of yarn produced during mechanical recycling (Payne, 2015). Espirit a 

famous European brand launches collections from recycle fibres. 43% 

mechanically reclaimed cotton is used for denim wear, while T-shirts are made 

from 65% recycled polyester and 35% recycled cotton. T-shirts are made from 

their original colour of off cuts to avoid re-dyeing. The company also makes 

underwear and beach wear are made from 83% recycled nylon (GmbH, 2017). 

Although so many brands are producing recycled fibres, most of the polyester 

recycled fibres are not from the shredding process but from plastic to textile 

recycling approach. Those that are incorporating shredded recycled fibres in the 

garments, use a smaller percentage of the reclaimed fibres from pre-consumer 

off cut waste rather than post consumer fabric waste. 

2.2.4 Challenges in recycling 

For a given end product, a number of challenges are faced in the recycling sector 

and require more effort in addressing them in order for the whole process to run 

smoothly and constantly. The rate of collection and converging of waste at collection 

centres is low. This causes some constraints because a continuous flow of a 
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particular quality of waste is required for a certain end product. (de Groot and Luiken, 

1999). Closed loop textile recycling depends more on customer participation. 

Recycling requires more plants that are nearer to collection centres. (Hayes, 2011) 

Postconsumer waste poses challenges in recycling due to presence of blends of 

different fibres which are not easily separated (Lv et al., 2015). Foreign materials 

such as metals, buttons and buckles and zippers require removal which is a tedious 

process if manually done. (Bartl et al., 2005). Sorting of waste is a laborious and 

inefficient since it is mostly done manually. A more automated sorting system is 

required to speedup up the process and increase on product quality. (de Groot and 

Luiken, 1999). Although there are some new developments in sorting, they have not 

been commercialised to industrial scale. RFID tags and 2D barcodes under 

development need to withstand several laundering process up to the end of life of 

the textile. This is still a challenge in the development (Humpston et al., 2014). 

Clothing while in use is laundered frequently. It has been reported that laundering of 

textiles leads destruction of fibres at molecular level. This shortens their lifespan as 

well as the possibility of being recycled mechanically or reused (Peters et al., 2015).  

One of the major challenges in mechanical recycling in particular of cotton is the 

formation of low tensile strength yarns. This is because reclaimed fibres have short 

fibre length compared to their virgin counter parts (Pensupa et al., 2017). The 

average fibre length obtained during the shredding process is low leading to 

production of low quality fibres that may result in marginal profits. Thus, the process 

requires optimization (de Groot and Luiken, 1999). 

Lack of technology and equipment and knowledge regarding recycling is still a 

barrier in most countries. That aside, market for recycled products is not readily 

available because customers are not aware of the products (Larney and Van Aardt, 

2010). 

2.3 Shredding 

Textiles materials can be transformed into fibres through breaking them down using 

shredding machines. Both single fibre waste and blended waste can easily be 

recycled using this method and used in their colour depending on the end usage. 

Most end uses of blended fibre is car insulations, furniture paddings, roofing (Collier 
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et al., 2007). A very small share of postconsumer waste is converted back into fibres 

for production of new textiles (Merati and Okamura, 2004). 

  

The shredding machine consists of one or more drums/cylinders covered with metal 

spikes. The waste is fed into the successive rotating cylinders with the metal spikes. 

These open and break down the waste until perfect fibres are formed. Depending on 

the design, shredding machines may be fitted with other mechanical parts that aid in 

feeding, cleaning and collecting the material that has been broken down. (Haule, 

2016, Ball and Hance, 1994). The shredded material may then be subjected to 

several carding processes to orient the fibre for yarn production. The material needs 

to be shredded carefully in order to preserve fibre length. The degree of breakdown 

achieved in the first operation determines the quality of the finished product and the 

maintenance costs of the cards (Haule, 2016, Atikson, 1963). Textiles made up of 

various blends of different fibres require separation after shredding fibres need. 

Some techniques such as centrifuge have been used to separate shredding carpets. 

Fibres with different densities can be separated using a sink-float method though 

fibre entanglement limits the process. Another method is electrostatic separation. 

(Haule, 2016). The properties of the recycled fibre in terms of fibre length, fibre 

fineness, and colour dictate the future end use of the product (Gulich, 2006).  

In regards to a variety of end uses currently available for recycled fibres, the most 

valuable parameters are; fibre length, fibre length distribution, and the degree of 

material breakdown. Degree of material  break down is defined as ‘the proportions of 

fibres, threads, bits and remains of fabric in a specimen of 3 g or 10 g of the blend of 

reclaimed fibres, depending on the proportion of unopened pieces (by manual 

separation), in units of mass per cent.’ (Gulich, 2006). 

In order to achieve proper quality assurance and improved properties of shredded 

recycled fibres, certain requirements should be met; proper sorting should be done. 

Foreign components should be removed and the waste dusted or washed.  Waste 

should be pre-cut to reasonably small sizes to reduce consumption of energy. 

Auxiliaries may be added in order to reduce friction and facilitate easier breakdown 

of the waste. The break down process should be designed in regard to the waste in 

question and fibre length required. Process parameters such as velocity drum 

circumference and waste transport velocity should be optimised (Gulich, 2006). 
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Gulich, (2006) suggests that for better variation of process parameters, it is important 

to look into the shredding technologies so as to improve them further by; altering the 

take in unit in relation to the polymer used as well as the structure of the material. 

Vary the speed of the drum at different stages to reduce fibre damage. For variable 

drums, alter the drum length to aid the process from pre-breaking to final breaking. 

Documenting the whole process to follow up on how much energy has been 

consumed.  

It is difficult to spin 100percent reclaimed fibres although an attempt has been made 

with high breakage rates owing to the short fibre length. Therefore, yarns can only be 

blended with virgin fibres to obtain acceptable quality (Haule, 2016). (Yuksekkaya et 

al., 2016) in his study used mechanically recycled PET and cotton fibre to produce 

single jersey knitted fabrics. According to the results, he found that, yarn from 

recycled fibres had low strength. This makes them suitable for applications where 

strength is not paramount and yarn unevenness and imperfection as well as handle 

properties are necessary.  

Langley et al., (2000) attempted to recycle blends of cotton/polyester/spandex and 

polyester/spandex blend using mechanical shredding process. The yarns and knitted 

fabric were produced however they were of poor quality. But the fibres produced 

better nonwoven fabrics and flocked fabrics. 

Wanassi et al., (2016) recycled industrial waste from cotton yarns by shredding it on 

a Shirley analyser machine. The reclaimed fibres were blended with 100% cotton 

fibres at 50/50 blend ration. Yarns were rotor spun out of these fibres and their 

mechanical properties tested. The blended yarn had similar physical properties 

100%cotton. 

Merati and Okamura, (2004) attempted to spin yarns from 100% mechanically 

recycled cotton fibres using friction spinning. They reported that, practically it was 

impossible to spin yarns of 30tex from 100% recycled fibres due to high breakages. 

However, 51/49 virgin/recycled cotton fibre blends showed better results similar to 

that of 100% virgin cotton fibres. 

 In patent literature, some attempts have been made to achieve longer fibre length 

during shredding. Ball and Hance, (1994) developed a method of increasing fibre 

length of denim waste. The method involves steps de-sizing of waste using rapidase-
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xl amylase enzymes after sorting the waste in terms of colour. The waste is cut into 

small pieces of about 2 to 6 inches and is subjected to shredding to obtain fibre 

length more than 0.4 inches and average length of 0.5 inches. The obtained fibres 

are then lubricated with a softener and subjected to gentle carding and further 

processing to produce fabrics. 

Moisture conditioning prior to shredding has been attempted by Wright (1996) to 

improve fibre length reduction. Moisture was used to reduce heat-build up during the 

shredding process and increase fibre length of the reclaimed fibre. After sorting by 

colour, the cotton cloth scrap was stored at room temperature under atmospheric 

conditions, and relative humidity of 65-70 % as opposed to prior art that used 55-60 

%. This was done to achieve moisture content of about 10 %. This moisture level 

percentage was maintained throughout the shredding process by spraying moisture 

inside the shredding machine using a moisture spray. Fibre length of up to 0.75 to 

0.906 inches were achieved as opposed to 0.5 inches achieved in prior research.  

It has been noted that, during the review of the literature, in most cases recycled 

polyester fibres are referred to fibres that have been made from plastic PET bottles 

rather than from textiles. Most of the studies on mechanically recycled polyester 

have revolved around polyester from bottles (Choi and Kim, 2015, Inoue and 

Yamamoto, 2004, Telli and Özdil, 2015). There is not much that has been 

encountered on shredded polyester fibres form textile fabrics. 

2.4 Friction and lubrication in textiles  

It is well known that friction is a resistance to motion. It is defined as, ‘the tangential 

force that opposes relative motion when one body slides over another.’ (Gupta, 

2008b). Frictional properties of fibres have a great influence on the behaviour of 

fibres during different mechanical processes such as drawing, carding and spinning. 

They influence the rate at which fibres slide over themselves and other surfaces. 

(Ajayi, 1988). During shredding, there is build-up of friction which results into heat 

build-up. This causes dryness in the fibres being processed. which results into 

weaker fibres that break easily and eventually result into fibre length drop as well as 

reduction in uniformity percentage (Wright, 1996).  

Fibre to fibre friction is mainly dependent on the surface morphology and geometric 

structure. Where, the former is influenced by the crimp, convolutions and other 



20 
 

dimensional properties such as fibre length and denier. Surface structure is mainly 

dependent on the scales, surface asperities, pigments, cavities lubricant.(Salhotra et 

al., 2002, Raes and Röder, 1955) 

In staple fibre processing, Low fibre to fibre coefficient of friction facilitates easy 

separation of the fibre bundle during the opening process. Thus low opening force is 

required and necessitates a low licker in speed to perform the opening action. The 

opposite is observed when there is high inter-fibre friction. It requires high opening 

force and thus high licker-in speeds leading to formation of neps and clusters in the 

web (Ishtiaque et al., 2005, Kothari and Das, 2008). Too low dynamic friction 

facilitates better fibre slippage during drafting however the fibre movement may be 

unmanageable. low inter-fibre friction is suitable to facilitate  opening  and carding, 

fibre with draw from the surfaces as well as minimizes damage to the fibres (Kothari 

and Das, 2008). 

Fibre to fibre friction also plays an important role in the deformation of yarns and 

fabrics as well as their other mechanical properties. Deformation of the fabric is 

mainly dependent on the yarn to yarn and fibre to fibre friction resistances. (Kovar et 

al., 2008). Briscoe and Motamedi, (1990) also adds that, inter-fibre friction greatly 

affects the stiffness of the yarns as well as that of the fabric. Stout, (1970) also 

reported that inter-fibre friction greatly affect the tensile strength of the yarn. When 

low, it leads it easy fibre slippage within the yarn facilitating yarn deformation. 

It has been reported that keeping other factors constant, yarn strength increases 

greatly with increase in inter-fibre friction. When a yarn is subjected to tension 

greater than the fibre to fibre friction, the fibres are more prone to pulling apart and 

gliding over each other leading to rapture (Broughton Jr et al., 1992, Kothari and 

Das, 2008). (Broughton Jr et al., 1992) reported that by pulling apart a defective ring 

spun polyester yarn with low fibre friction. The yarn broke under low stress with 

minimal fibre damage compared to the ring span polyester yarn with high inter-fibre 

friction. They concluded that, inter-fibre friction is a dominant factor in determining 

yarn properties. 

There are many theories of friction and these have been explained by several 

authors (Mogahzy, 2008a, Gupta, 2008b, Gupta et al., 2008, Kothari and Das, 2008) 

from these theories it was found that textiles deviate from Amaton’s law of friction 
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which states that the friction force is directly proportional to the normal load, and also 

another that states that the frictional force is independent of the area of contact. 

Authors agree that that friction in textiles relates more to the adhesion theory.  

There are several methods that have been developed to measure friction in textile 

materials. Several of them are based on point contact, line contact and area contact. 

Of which, point and line contact have been used for fibres and yarns, while area 

contact is most suitable for fabric friction measurement. Most of the methods work 

well for long fibres compared to short staple fibres such as cotton. There is no 

standard method for measuring friction of staple fibres. (Yuksekkay, 2009, Gupta et 

al., 2008). The fibre beard method has been reported as one method applicable for 

measurement of staple fibre friction where two fibre beards are prepared by a High 

Volume Instrument (HVI) combed automatically and then clamped in a tensile tester. 

A friction profile of a plot of frictional force F against the sliding distance is generated 

as shown in Figure 5. (Mogahzy, 2008a, Gupta et al., 2008) 

  

Figure 5; Friction profile from the fibre beard test. Adapted from (Mogahzy, 2008a). 

Fmax is the maximum frictional force required for the fibres to start sliding. As the 

fibres begin to slide, the number of fibres in contact reduces. The profile is divided 

into three regions. Where A presents the rubbing of the greatest number of fibres 

and the force in this region is dependent on the fibre surface morphology, B is 

dependent upon the dimensional properties and surface morphology while C is 

depend on the dimensional properties such as fibre length fineness and crimp. The 

frictional force measured is dependent upon the number of fibres in the beard. 

(Mogahzy, 2008a). 
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Crimp plays an important role in inter fibre fiction. Cotton fibres possess natural 

crimp while synthetic, the crimp is induced. During the manufacturing of staple 

synthetic fibres, amount of crimp close to that of natural fibres is introduced in the 

filaments by means of gearboxes before they are cut into short staple fibres. The 

crimp facilitates easier opening and carding and is the main factor responsible 

keeping fibres held together in the carded web. This cohesion also enables easy 

drafting of the web into sliver (Mogahzy, 2008b). 

The carded web consists of a network of pseudo-oriented fibres that forms a 

continuous fragile and weak web. The inter-fibre friction is responsible for the 

appropriate cohesion and elasticity in the web. When a carded web is subjected to 

tensile load a load-elongation curve with three zones is obtained as shown in Figure 

6. At zone A, the slackness of the web is removed, B is termed as the elastic zone 

which is brought about by friction resistance between the fibres due to crimped fibres 

that are mechanically interlocked. Finally, at zone C the fibres begin to slide over one 

another giving raise to the wavy pattern (Kothari and Das, 2008). 

 

 

Figure 6; load-elongation curve of a carded web. Adapted from (Kothari and Das, 

2008). 

 Lubricants are referred to as substances that minimise friction and in turn reduce 

wear, noise and vibrations as well as energy consumption. In the mechanical 

processing of textiles, friction occurs on contacts surfaces between fibre to fibre, 
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metal to metal and fibre to metal (Gupta, 2008b). Lubricants are applied to fibres at 

different stages of fibre processing, during extrusion as well as after fabric formation 

to impart desired properties. The reason for this is static protection, cohesion control 

and mainly to control friction in different forms namely; Fibre to fibre friction and 

cohesion inside the fibre bundle, fibre to metal friction during mechanical processing, 

stick slip friction between fibres as well as abrasion damage to fibres by metal 

surfaces. Lubricants may contain several other additives such as surfactants 

antioxidants and varnish controllers (Kutsenko and THEYSON, 2008). However, 

care should be taken when choosing a lubricant as because it could react and 

unfavourably affect the surface of the fibre (Gupta, 2008b). 

Lubrication is mainly divided into three categories; boundary lubrication, semi 

boundary and hydrodynamic lubrication. Boundary lubrication occurs at high 

pressures and low running speeds or when the roughness of the surface is too high 

(Gupta, 2008b). At low speeds below 0.1m/min, friction is favoured by boundary 

lubrication due to high contact between asperities. However, as the speed increases 

above 4m/min, hydrodynamic lubrication is observed. Due to increase in speed, the 

contact decreases and the lubricated surfaces are separated such that, a thick 

lubricant film develops between them causing a resistance to flow. At this point, 

friction starts to increase. Semi boundary lubrication on the other hand, is the 

transition phase from boundary to hydrodynamic state where contact and thickness 

of the film are at an optimum level.(Kutsenko and Theyson, 2008). 

Friction is greatly affected by the amount of spin finish or lubricant. In experiments 

conducted by  (Roder, 1953) using inclined plane method of  measuring fibre to fibre 

friction, he found that addition of a spin finish oil reduces the fibre to fibre friction up 

to a certain minimum value. Further increase in amount of spin finish increases the 

inter-fibre friction. High amounts result into accumulation of a layer of finish which 

surrounds the fibres and hinders the smooth slippage of fibres.  

In cotton processing such as carding, fibre. Finishes used affect the coherence of the 

fibres in the web as they alter the frictional properties. Too much spin finish oil leads 

to card loading (Raes and Röder, 1955). Raes and Röder (1955) suggest that, for 

fibres such as rayon the 0.6 % is enough. They also state that, higher difference 

between static and dynamic friction produces a better carded lap. (Das et al., 2005) 
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also agrees to this statement. A difference greater than +0.01 is good enough while 

below that,(i.e. -0.01) produces a voluminous flabby web which may not be easily 

drawn into sliver (Roder, 1953, Raes and Röder, 1955).  

The effect of Lubrication on yarn pull out has been reported. Using cationic softeners 

on plain woven fabrics was found to decrease the dynamic friction in the yarn, 

decreased inter-yarn adhesion and the tensile modulus in the weave. Deformability 

of the fabric was also increased.(Sebastian et al., 1986). Broughton Jr et al., (1992) 

also found that lubrication greatly decreased the tensile strength of the yarn. He 

noted that, the lubricated yarn compared to the non-lubricated yarn was easily pulled 

apart under low stress and the yarn broke with minimal fibre damage. 

Lubricants (spin finishes) usually have greater attraction to metals than fabric such 

that, they may end up smearing on metal surfaces. This is not a desirable situation 

as it can result into an increase in solid to body friction. It is best that the spin finish 

that can easily wet the fibre surface. Moreover, the finish should be uniformly spread 

and strongly attached to the fibre surface throughout the whole process. Addition of 

a surfactant into the finish will aid in decreasing the surface tension of the finish and 

thus improve wetting (Kothari and Das, 2008).  

PEG (polyethylene glycol) can be used as a textile lubricant and is well known as 

non-toxic, cheap and recyclable(Mallepalli et al., 2011, Kumar et al., 2006). It can be 

recycled into β-keto sulphides, β-amino sulphides, 3, 4-dihydropyrimidinones and 

others (Lingaiah et al., 2011).  Due to its non-toxicity, PEG has been publicised safe 

for human consumption by the United States Food and Drug Administration (Kinsley 

and Nicell, 2000).  

PEG largely reduces both kinetic and static friction of fabrics. The rate of reduction 

depends on the molecular weight of the PEG. PEG with molecular weight of 6000 

will reduce friction but not as much as PEG with molecular weight of 1000. This is 

attributed to effect of hydrodynamic lubrication and lubricant’s high viscosity when 

molecular mass is high (Ajayi, 1988, Ajayi, 2008). Apart from friction control, PEG 

also aids formation of a condensed moisture film on the surface of the fibres which 

makes it serve as an antistatic agent (Ajayi, 2008). 

Another commonly used lubricant is glycerol. It has been used for various 

applications including textiles. It has been utilised successfully as a lubricant for a 
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variety of fibres during yarn and fabric processing. (Soap and Association, 1990). 

Glycerol is termed as a green solvent just like water which is cheap, and non-toxic 

readily available and recyclable. (Ferrero and Periolatto, 2012, Gu and Jérôme, 

2010). Such qualities have led to its use as a lubricant and fabric softener as well as 

an auxiliary in print paste (Ferrero and Periolatto, 2012).  

Chemical treatments are applied to fabrics using techniques such as dip-pad-dry, 

spraying, foam application, kissroll and many more. The wet pick up of the fabric is 

important as it determines the drying time of the fabric. High wet pickups are 70-

100% while optimum pickup percentages are 30-40%. The wet pickup percentage 

depends on the yarn and fabric construction, wettability, temperature of the solution 

and viscocity e.t.c. The finished fabric may be dried and cured in the same machine, 

however temperatures should not exceed 100°C. most chemicals to be applied on 

fabrics  are calculated basing on the weight of fabrics or goods to be treated often 

abbreviated as %wof or %wog The expression is as follow (Schindler and Hauser, 

2004).  

%𝑤𝑜𝑓 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑎𝑝𝑝𝑙𝑖𝑒𝑑

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑎𝑏𝑟𝑖𝑐
                                                                      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1                                                                                                                                    

2.5 Fibre length 

Fibre length is paramount during the spinning process. The reason for this is that, it 

determines the quality of the yarn produced. Fibres with shorter length produce 

course yarns while those with longer length produce fine yarns (Wanassi et al., 

2016). Long carrier fibres are spun around short fibres. Therefore, when carrier 

fibres are longer, short recycled fibres become tighter and hence result into a strong 

yarn. It is necessary, that the fibre length of short recycled fibres is long enough to 

provide a better surface so that long carrier fibres are easily spun around them. In 

addition to that, reduction in fibre length drop during shredding will minimise the cost 

of long carrier fibres that are required in yarn production (Wright, 1996). 

 ‘fibre uniformity is the measure of the uniformity of fibre length in a sample 

expressed as a percentage.’(Wright, 1996). Mostly, shredding processes result into 

fibre uniformity percentage of about 70 % which is termed as slightly irregular by the 

USDA. High 80%s of fibre length uniformity isregular according to USDA. PSI 

strength that is above 80000 is termed as average according to USDA. There are a 
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variety of cotton seed varieties with different fibre length and PSI strength. Typical 

long fibre varieties are American Egypt, Acala and Pima. Acala fibres have fibre 

length greater than 1.53125 inches after ginning and PSI strength above 100,000. 

Pima and American Egypt possess fibre length of more than 1.5 inches after custom 

ginning. (Wright, 1996).  

Percentage of short fibre content is a very important concept in characterising fibre 

length. It is referred to as the percentage weight of fibres whose length is below 

12.7mm.  Short fibres  have low tensile strength because have low cohesion 

between them.(Wanassi et al., 2016).  Fibre used in garment making require 

strength in a range of 2 to 5 gf/denier (Gupta, 2008a). Very short fibres also make 

characterisation difficult. Shredding fibres to achieve a recycled fibre that can easily 

be characterised in relation to its end use should be the main goal. Fibre length drop 

should be reduced as much as possible in regards to most end uses (Gulich, 2006).  

2.5.1 Fibre length measurements 

Fibre length is determined by the UHML (upper-half mean length) or by 2.5% SL 

(span length) on the fibogram. In the past fibre length was measured in inches i.e 

1/32 inch divisions but now it can as well be converted into millimetres. (Gordon, 

2007). 

Different means of measuring fibre length are available. It can be measured 

manually using dingle fibre measurement by Johannsen/zweigle method, or by semi-

automatic systems such as Almeter, HVI, and AFIS-L module. Another possible 

method is Image processing though it’s still under investigation. When dealing with 

blended reclaimed fibres, the producers and customers should have knowledge on 

the fibre compositions of the blend components. Systems based on NIS (near 

infrared spectroscopy) can give quick information but is limited to qualitative 

composition of the fibre material.  Quantitative chemical analysis can give good 

definition of the blend composition but is costly (Gulich, 2006). 

The manual method is laborious and impractical as it involves placing the fibres in a 

straight line against a ruler and recording its length. A comb sorter apparatus gives a 

more accurate way of measuring fibre length. It uses a sequence of hinged combs 

place 1/8 inches apart. These align and separate the fibres as well as permit 
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description of the number-length and weight-length groups from the sample. 

Although they give accurate measurements, they are slow and very costly (Gordon, 

2007). 

The fibrograph method was previously used alone but has now been incorporated 

into the HVI. The sample is in form of a fibre beard. The comb that holds the fibre 

beard is placed into the instrument which contains a light source. The light source 

scans the sample and the intensity of light shows the variation in density of various 

lengths of fibre. This is recorded and replicated as fibrogram in form of a length-

frequency curve. The depth of the comb at which the fibres are held is considered in 

the fibrogram. The UHML and ML (mean length) and 2.5 SL can all be obtained from 

the fibrogram (Gordon, 2007). 

The Uster Advanced Fibre Information System (AFIS) is able to provide information 

on single fibre length. It can also measure the fineness and maturity level including 

the trash and nep content. The instrument takes 0.5 g of fibre sample which have 

been hand-drawn into a sliver. It uses an electro-optical sensor and the 

measurement depends on the amount of light scattered and occluded by the fibre. 

Scattered and occluded signals are recorded by the electro-optical sensor when the 

fibre or particle causes an effect on the beam. Signals are analysed by a computer 

program and which presents the mean and distribution data on a particular 

parameter (Gordon, 2007). 
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3. Materials and methods 

According to the literature, it was found that the inter-fibre friction plays an important 

role in many textile processes. It is anticipated that inter-fibre friction also affects the 

fabric shredding efficiency. Therefore, it was important to gain general knowledge on 

the inter-fibre friction of cotton and polyester fibres as well as their blends. These 

types of fibres were chosen for the study due to their extensive use in many textile 

applications especially apparel. By measuring the tensile strength of a carded web, 

one is able to gain knowledge on the friction resistance between the fibres in the 

web. The carded web is a network of fibres held by the interlocking between the 

fibres. Thus, when pulled apart, fibres slip against each other until the separate 

completely. Henceforth, basing on this knowledge, a method was developed to 

measure inter-fibre friction on a tensile tester. The chapter is divided in two sections 

where the first is mainly concerned with measuring inter-fibre friction and the other is 

about yarn production and tensile measurements of the yarns. The summary is 

shown in Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7; Schematic of the processes involved in the study. 

Cotton & 

polyester 

fibres 

   

 Water 

 Spin finish 

 PEG1000 

 PEG 4000 

 Glycerol 

 

  

Carding 
Friction 

measurement 

 Water 

 PEG4000 

 glycerol 

Carding, 

drawing & 

ring 

spinning 

Spinnability 

and yarn 

tensile 

strength 

Pretreatment 
Drying 

Conditioning 

Pretreatment 
Drying 

Conditioning 

Cotton, 

polyester and 

their blends  

Cotton, 

Polyester, 

& 50/50 

poly/cotton 

blend 

Interfibre 

friction 

measurement 

Yarn testing 

Spraying 

Spraying 



29 
 

3.1. Inter-fibre friction measurements 

This section involves measurement of inter-fibre friction of cotton and polyester fibres 

as well as their blends. Additionally, different lubricant pre-treatments were used to 

alter inter-fibre friction and their effect was investigated. The fibre samples used in 

the study were; 100% cotton and 100% polyester staple fibres. The details of the 

fibres are shown in Table 1. 

3.1.1. Fibre blending 

The fibres to be blended were picked from the bales and processed as they are.  

This group consists of 100% cotton and 100% polyester as well as polyester/cotton 

blends in ratios of 70/30%, 50/50% and 30/70% respectively. The fibres were 

opened up on an opening machine and weighed to the required amount. They were 

mixed manually by hand according to the desired percentages before the carding 

process. Each carded web produced was made out of 70g of fibres. All tests were 

carried out under normal atmospheric and relative humidity conditions 22° C and 

65% respectively.  

Table 1; Detail specification of cotton and polyester fibres used in the study 

Fibre Type Fibre length denier 

Cotton L spain 51mm Not available 

Polyester Shortstaple, 

crimped 

25 mm 2.0 

 

3.1.2 Fibre pre-treatment  

Cotton and polyester fibres were treated with lubricants whose details are shown in 

Table 3. The spinfinish contains a combination of polyglycol compounds and 

antistatic agents. First trials runs were done with spin finish at amounts of 10 % and 

4.29 %, 2.14% and 2.86% on weight of fibre. PEG1000 thousand was also tried at 

2.14 % and 2.86 %. Other lubricants were used with amounts ranging from 0.2% to 

1.43% as shown in Table 2.  
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Table 2; Amount of lubricant used for polyester and cotton fibres 

polyester cotton 

0.29% 0.2% 

0.71% 0.29% 

1.43% 0.71% 

 1.43% 

 

Table 3; Detail specifications of lubricant treatments used in the study. 

Lubricant Cas number Concetration 

(g/mol) 

supplier 

Spin finish 64  Zschimmer & 

schwarrz 

Polyethylene 

glycol (PEG)1000 

25322-68-3 950-1050  Merk KGaA 

Polyethylene 

glycol (PEG)4000 

25322-68-3 3500-4500  Merk KGaA 

Glycerol 56-81-5 92.1  Merk KGaA 

 

The desired amount of lubricant to be used was dissolved in 100 g of water for 

polyester and 200 g of water for cotton. (Amount of water used was just enough to 

wet the fibres completely). The spin finish was dissolved in water at room 

temperature and the rest were dissolved at 60°C to 70°C to facilitate dissolution.  

The water was to aid in the distribution of the lubricant throughout the fibre bundle. 

More amount of water was used for cotton fibres because of their high absorption 

capacity and high volume compared to polyester.  

The fibres were laid on a flat surface and spread out evenly and lubricant solution 

was sprayed onto the fibres by hand using an ordinary spray bottle. They were 

turned several times to make sure that all the fibres were wet. The fibres were then 

paced in an oven to dry at 50-55°C so that all the water evaporated and only the 

lubricant remained on the fibre. The fibres were placed in a conditioned room for 24 



31 
 

hrs to regain moisture before carding. Fibres to be used as control were treated with 

only water in the same way but without any lubricant.  

3.1.3 Carding 

Carding is a common process in staple fibre spinning which enhances further 

opening of the fibres and produces a more relatively oriented web which is suitable 

for making yarn. The carding was done on a Mesdan lab laboratory carding machine 

which has delivery speed of 10-15 m/min.  

Before carding, fibres need to be disentangled first by an opening machine. 70 g of 

fibre were required for each carded web. Weighing was done on a Metler weighing 

scale. The weighed fibres were inserted in the opening machine a few at a time in 

order to facilitate an efficient opening fibre process. The opened fibres were 

automatically sucked through an aspirator connected to the opening machine. They 

were then removed from the aspirator and placed on the carding machine (Figure 8). 

The fibres to be blended (section 3.1.1) were carded three times so as to ensure 

more uniform mixing. Fibres prepared in section 3.1.2 were carded two times. The 

materials were then subjected to friction measurement on a tensile tester. 

  

Figure 8; opened polyester fibres on the conveyor of the carding machine  
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3.1.4 Testing for inter-fibre friction. 

Friction testing was done on a Mesdan lab tensile tester. The samples were cut into 

pieces of 100 by 250 mm as shown in Figure 9a. 10 pieces were taken from each 

carded web to ensure a good representation of the web. Each specimen was 

weighed on an elastcorn weighing scale. There is no standard for measuring tensile 

strength of a carded web, so the test was not performed in accordance to any 

standardized procedures. However, the machine was set to take measurement 

under the fabric grab test ASTM D 5034 settings. The machine was set to zero 

before the tests such that the distance between the clamps was 50mm. The sample 

piece to be tested was folded length wise and gently squeezed into the clamp to 

make sure no fibres were left unclamped as shown in Figure 9b. Only the upper 

clamp connected to load cell moves while the lower clamp remains stationary. The 

specimen gauge length was 75mm and a load of 0.1 KN was used. The specimen 

was then stretched at a traverse speed of 300mm/min under tension until the fibres 

were completely detached from each other as shown in Figure 9c. The procedure 

was repeated for each web sample. The results were analysed using Tensolab 

software. The maximum force (static friction force) required to start sliding the fibres 

passed one another was obtained. Since the force depends on the number of fibres 

in the web, the value obtained divided by the mass (g) of the specimen. Average 

values were calculated for the 10 tests done on each sample. 
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Figure 9;(a):  50/50 polyester cotton web sample before tensile testing, (b): sample 

clamped on tensile tester, and (c): sample after braking respectively. 

3.2. Yarn production 

The fibres used for yarn production were polyester, cotton and 50/50polyester 

cotton. The Glycerol and PEG 4000 were the lubricants used for this study. 1% 

glycerol was used for all the fibres. 0.29% PEG4000 was used for cotton and 

polyester while 0.5% was used for the blend.  Fibres were treated and carded as 

a 

c b 
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described in section 3.1.2 and 3.1.3. Drawing and ring spinning were done on 

Mesdan laboratory machines as shown in Figure 10a. The spinning was done at a 

predraft of 2.9 and a total draft of 12.3. The running speed was 5468 rpm at 

7.1m/min and twist was 768 turns. These settings were similar for all the yarns 

produced. 

 

 

Figure 10; (a): card lap on the draw frame, (b): Ring spinning into yarns, and (c):Yarn 

tensile testing.  

 

 

a 

b c 
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3.2.1 Yarn tensile testing 

The tensile tests of the obtained yarn were performed according to SS-EN ISO 2062 

using method A. 5 tests were performed on each sample as opposed to the required 

number. The yarn sample was clamped on the tensile tester using a gauge length of 

250mm as shown in Figure 10c. The test speed was 250 mm/minute. All tests were 

performed under standard atmospheric conditions. The yarn count was measured 

using a wrap reel. 

3.3. Statistical analysis 

0ne-way ANOVA (Analysis of Variance) analysis was used to compare mean values 

of results obtained with different samples. This method allows one to compare 

means of two or more groups. This analysis was done in Minitab 17. A significance 

level (risk of rejecting null hypothesis yet it is true) of 5% was used to determine 

whether the means were significantly different or not. i.e. p-value less than 0.05 

indicates a significant difference between the mean values. Therefore, where the 

means of groups were found to be significantly different, a post hoc test was done 

using Tukey method.  
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4. Results 

The results from the inter-fibre friction measurements are presented in section 4.1. 

They include observations made during the testing of the fibre webs, the inter-fibre 

friction results obtained from blending fibres as well as the results obtained after 

lubricant pre-treatment of the fibres. Results obtained from tensile measurement of 

yarns, and spinnability are presented in section 4.2.  

4.1 Inter-fibre friction 

Results for inter-fibre friction are presented. The reader should be reminded that only 

the value of maximum force required to slip the fibres over each other (static friction) 

is presented because it was the main interest of this study. All values presented are 

mean values of the mentioned maximum friction force from 10 measurements for 

each web sample. It should be noted that, in Tables 5 to 9 showing statistical results, 

P-value >0.05 (-) indicates no significant difference and P-value< 0.05 (+) indicates a 

significant difference.  

4.1.1. Out comes from the developed inter-fibre friction measurement method. 

The results from the developed method of measuring Inter-fibre friction on the tensile 

tester are presented in Figure 11. The load-elongation curves derived from the 

friction measurement of untreated fibre webs of cotton and polyester are shown.  
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Figure 11; load elongation curves of untreated cotton and polyester fibre webs. 

During the tests, it was observed that at point A, Figure 11, the web begins to stretch 

up to Fmax. At Point Fmax, the fibres start sliding past one another until they are almost 

completely separated. Figure 12 shows separation of the web during the test. 

Comparing the two curves, it can be seen that cotton has a higher static frictional 

force of 1.28 N/g compared to polyester fibres with 0.78 N/g. ANOVA analysis 

showed, that the frictional force of cotton fibres was significantly higher than that of 

polyester fibres with a P-value of 0.000 and F-value of 131.58. A similar shape of 

curve was obtained for other samples and are presented in Appendix I.  

Point E is the maximum elongation at which the fibres start sliding (it can be obtained 

for each curve).  By calculating the area under the curve from 0 to E, the energy 

required to slide the fibres is obtained using the Equation 2, where 𝑦 is the Force on 

the y-axis, and 𝑑𝑥 is the change in the elongation on the x-axis at a point 𝑦. The 

results are shown in Figure 13. 

∑ 𝑦𝑑𝑥𝐸
0  = Energy                                                                                          Equation 2                                                                                           
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Figure 12; Separation of fibres in a 30/70 polyester/cotton web as they slide past one 

another. 

 

 

Figure 13; Correlation between energy and frictional force for group II fibres. 
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The results from calculation of energy are presented in Figure 13. The figure shows 

that there is high positive correlation between the static friction force and the energy. 

The correlation coefficient was 0.9985. It was found that there is no correlation 

between the maximum elongation value obtained at Fmax and the maximum force as 

shown in Figure 14 for cotton. The same was observed for polyester and the blends 

There was also no correlation between the mass of the web sample and the 

maximum friction force. 

 

Figure 14; correlation between the friction force and the maximum elongation at 

which fibres start sliding for cotton fibre webs (treated and untreated). 

4.1.2. Effect of blending on inter-fibre friction 

The results for the friction tests in Newton/gram for cotton, polyester and their blends 

are presented in Figure 15. Figure 16 shows the load elongation curves for cotton, 

polyester and their blends. The results for the statistical analysis from the Tukey 

pairwise post hoc test are shown in Table 4. 
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Figure 15; Comparison of inter-fibre friction of the blended and non-blended fibres. P 

and C denote polyester and cotton respectively. 

 

Figure 16; Load-elongation curve of group I fibres. P and C denote polyester and 

cotton respectively. 
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Table 4; Adjusted p-values from Tukey pairwise comparisons of polyester, cotton 

and their blends.  

Pair of sample (%) Adjusted p-value 

100P _ 100C 0.000+ 

30P/70C_ 100C             0.008+ 

50P/50C_100C                  0.000+ 

70P/30C_100C                  0.000+ 

30P/70C_100P            0.000+ 

50P/50C_100P                 0.001+ 

70P/30C_100P                 0.735- 

30P/70C _ 50P/50C       0.814- 

70P/30C_ 50P/50C           0.020+ 

30P/70C _ 70P/30C       0.001+ 

The results in Figure 15 shows that, 100 % cotton fibres has the highest static friction 

force, followed by 30/70% polyester/cotton blend, 50/50% polyester/cotton blend, 

70/30%polyester/cotton blend and finally 100% polyester respectively. The same 

trend is shown in Figure 16 but, there is no correlation between the maximum friction 

force and the corresponding elongation.  The friction force value of 50/50 

polyester/cotton blend was approximately midway between 100% cotton and 100% 

polyester values. The value was 0.174N/g higher than 100% polyester and 0.181 N/g 

lower than cotton 100%. The statistical analysis in Table 4 shows that, the pairs that 

did not show a statistically significant difference in the friction force between them 

were; 70/30% polyester/cotton and 100% polyester as well as 30/70% 

polyester/cotton and 50/50% polyester/cotton.  

4.1.3 Effect of lubricant pre-treatment on the inter-fibre friction of cotton 

The visual observations made during carding of cotton are that, beyond 1.43% 

amount of lubricant, the quality of the carded web was bad. The situation was worse 

for spin finish treatment. More neps could easily be observed in the web that was 

coming out of the machine. Generally a very good web was visually observed at 

amounts of 0.2% for all treatments. The difference between weight of the treated 

fibres before and after carding was not significantly different from that of untreated 
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ones. The results of the friction force obtained for treated and untreated cotton fibre 

webs are presented in Figure 18. The results for the statistical analysis are 

presented in Table 5. Table 6 presents the statistical results from the Tukey pairwise 

post hoc test. Figure 17 shows the difference between a very poorly opened web 

and a well opened web. 

 

Figure 17; a): poorly carded cotton fibre web pre-treated with 2.14% spin finish. b): 

well carded untreated cotton fibre web.  

 

Figure 18;Variation of friction force with amount of lubricant of cotton fibre webs.  
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Table 5; P-values and F-values from ANOVA analysis of treated cotton fibres webs 

 Spin finish PEG1000 PEG4000 Glycerol 

P-Value 0.000+ 0.018+ 0.000+ 0.001+ 

F-Value 12 2.81 11.12 5.37 

 

Table 6; Adjusted P-values from Tukey pairwise comparisons between treated and 

untreated (control) cotton fibre webs. 

Amount(%wof) Spin finish PEG1000 PEG4000 Glycerol 

0.2 0.059- 0.549- 1.000- 0.982- 

0.29 0.236- 0.915- 0.005+ 0.915- 

0.71 1- 0.995- 0.036+ 0.017+ 

1.43 0.001+ 0.818- 1.000 - 0.749- 

2.14 0.000+ 0.054-   

2.86  0.031+   

  

Figure 18 shows that, the friction force of the control or untreated cotton fibre web 

was 1.281 N/g. treatment with 0.2% spin finish decreased the friction force by 0.161 

N/g. Increasing the amount to 0.71% increased the friction force to a value similar to 

that of the untreated fibres. Further increment in the amount to 2.14% decreases the 

friction force significantly to a value that is 0.39 N/g lower than that of the untreated 

fibres. According to observations made, treatment with 2.14 % spin finish led to 

difficulties in fibre opening as shown in Figure 17a. The fibres were much more 

difficult to card due to high amounts of fibres getting stack on the card clothing of the 

cylinder. The statistical analysis in Table 6 shows that, only the friction force 

obtained with amounts of 1.43% and 2.14% were significantly different from that of 

the untreated fibre webs. Table 5 shows that the spin finish treatment had a 

significant effect on the friction force with a P-value of 0.000 and F-value of 12. 

Treatment with PEG1000 at 0.2% slightly decreased the friction force. Upon raising 

the amount to 0.71%, the force slightly increased to a value that was 0.033 N/g lower 

than that of the untreated fibres. Increasing the amount to 2.14% significantly 
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decreased the friction force, which slightly changed upon further increase to 2.86%. 

A significant difference between untreated and treated fibre webs is observed only at 

2.86% with a p-value of 0.031(Table 5). Table 6 shows a P-value of 0.018 and a 

small F-value of 2.81 for PEG 1000 treatment. 

The friction force remains unchanged with treatment of 0.2% PEG 4000. Upon 

increasing the amount to 0.29%, the force significantly decreases to a value that is 

0.25 N/g lower than that of the untreated fibres. However, raising the amount 

to1.43% significantly increases the friction force, but to a value that is almost similar 

to that of untreated fibres. Only the friction force obtained with 1.43% was not 

significantly different from that of the untreated fibre webs (Table 6). Table 5 shows 

that, PEG 4000 had a significant effect on the friction force, with a P-value of 0.000 

and a high F-value of 11.2.  

Glycerol treatment at 0.2% shows an insignificant change in the friction force, and 

slightly decreases upon increment to 0.29%. Increasing amounts to 0.71% 

significantly decreases the friction force to a value 0.144 N/g lower than the 

untreated fibres. Further increment in amounts to 1.43% significantly increases the 

friction force to a value slightly higher than of the untreated fibres by 0.06 N/g. only 

treatment with 0.71% showed a significantly different friction force value from that of 

the untreated fibre webs (Table 6). Table 5 shows that, glycerol treatment had a 

significant effect on the friction force with a p-value and F-value for were 0.01 and 

5.37 respectively. 

4.1.4. Effect of lubricant pretreatment on interfibre friction of polyester fibres 

Visual observations from carding of polyester were that, a few neps could easily be 

observed in the untreated fibre webs compared to the treated ones. However, 

beyond 1.43% of lubricant treatment, the quality of the web could easily be observed 

to have decreased. The situation was worse with spin finish amounts that were 

4.29% and above as shown in Figure 19. The results obtained for static friction force 

of polyester fibres are presented in Figure 20. The statistical analysis results are 

presented in Table 7. Table 8 shows the results obtained from the Tukey pairwise 

post hoc test.  
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Figure 19; a): Poorly carded polyester fibre web pre-treated with 4.29% spin finish. 

b): Well carded untreated polyester fibre. 

 

Figure 20; Variation of inter-fibre friction force with amount of lubricant of polyester 

fibre webs. 

Table 7; P-values and F-values from ANOVA analysis of polyester fibre webs. 

 Spin finish PEG1000 PEG4000 Glycerol 

P-Value 0.003+ 0.000+ 0.000+ 0.002+ 

F-Value 4.15 12 58.23 6.29 
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Table 8; Adjusted P-values from Tukey pairwise comparisons of treated and 

untreated (control) polyester fibre webs. 

Amount 

(%w.o.f) 

Spin 

finish 

PEG1000 PEG4000 Glycerol 

0.29 0.719- 0.669- 0.000+ 0.593- 

0.71 0.783- 1.000- 0.000+ 0.039+ 

1.43 0.987- 0.005+ 0.000+ 0.957- 

2.14 0.981- 0.001+   

4.29 0.172-    

 

From Figure 20, it is shown that the untreated polyester fibre sample had a friction 

force value of 0.779N/g. Treatment with 0.29 % spin finish slightly decreases the 

friction force. However, no significant change is seen upon increment in amount to 

1.43%. Further increment to 4.29% increases the friction to a value 0.09N/g higher 

than of the untreated fibre web. The statistical analysis in Table 8 shows that there 

was no significant difference between the friction value of the spin finish treated fibre 

webs and untreated fibre webs.  

The friction force increased with treatment of 0.29% PEG1000 to an amount 0.056 

N/g higher than that of the untreated fibre web. Raising the amount to 0.71% 

decreased the force to a value similar to that of the untreated fibres. Further increase 

in the treatment amount to 1.43% significantly decreased the force to a value that is 

0.144 N/g lower than that of the untreated fibre web. The friction force then slightly 

changes upon raising the amount to 2.14%. The statistical analysis showed that, 

only friction force obtained with treatment amounts of 2.14% and 1.43% were 

significantly different from that of the untreated fibre web (Table 8). The p-values and 

F-values obtained with this treatment were 0.000 and 29.7 respectively (Table 7).   

The friction force significantly decreases with 0.29 % PEG4000 treatment. Increase 

in the amount to 0.71% greatly decreases the friction force to a value that is 0.336 

N/g lower than the untreated fibre webs. Further Increasing the amount to 1.43 % 

increases the force to a value that was still significantly lower than that of the 

untreated fibre webs by 0.532 N/g. Table 8 shows that, the frictional force value 

obtained at different amounts were significantly different from that of untreated fibre 
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webs. It is also shown in Table 7 that, this treatment had a P-value of 0.000 and the 

highest F-value of 58.3. It was also observed that the web produced at 0.71% 

PEG4000 was very thick, voluminous and had more parallel fibres compared to all 

the carded webs produced during the experiment. 

Treatment with glycerol at 0.29% slightly decreases the friction force by 0.033 N/g. 

Increasing the amount to 0.71% significantly increases the force to a value 0.086 N/g 

higher than that of the untreated fibre. Further increase in amount of treatment to 

1.43% decreases the force to an amount almost similar to that of the untreated fibre. 

Only the frictional force value obtained at 0.71% was significantly different from that 

of the untreated fibre (Table 8).Table 7 presents a p-value of 0.02 and F-value of 

6.29 for glycerol treatment. 

The mean values and standard deviation for friction force obtained for all 

experiments are shown in Tables 10 to 12 in Appendix I. More details of the 

statistical analysis can be found in Appendix II. 

4.2 Effect of lubricant pre-treatment on yarn production and tensile 

strength. 

Basing on the results from inter-fibre friction measurements, two lubricants were 

chosen. PEG 4000 that showed a significantly low friction with both polyester and 

cotton was chosen at 0.29% for yarn formation. Even though PEG showed a 

minimum friction at 0.71%, it was obvious that the web could not be drawn because 

the web was too soft flubby. 0.5% PEG4000 was chosen for 50/50 polyester blend 

as it is the midpoint between the amount that showed the minimum value for cotton 

(0.29%) and polyester 0.71% respectively. Glycerol was chosen at 1% because, at 

this amount the friction force the friction force is almost the same as that of the 

untreated fibre webs. The results from the yarn measurements are presented in 

Table 9.  
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Table 9; Tenacity and spinnability of treated and untreated yarns from polyester, 

cotton and polyester/cotton blend. (*could not be drawn on the draw frame). 

Treatmet 

type   Polyester Cotton 

50/50 

Polyester/cotton 

Tenacity 

(cN/dtex) 

Spinnabiliy 

(dtex) 

Tenacity 

(cN/dtex) 

Spinnability 

(dtex) 

Tenacity 

(cN/dtex) 

Spinnability 

(dtex) 

Untreated 1.02 277 0.63 615 0.74 586 

Glycerol 1.01 527 *             * 0.55 809 

PEG4000 0.91 649 * *  * * 

 

It was observed that formation of sliver on the drawing machine was not possible for 

all the treated cotton fibres. Therefore, yarns could not be spun from these fibres. 

The same was observed for PEG4000 treated polyester/cotton blend. Thus, their 

values are not shown in the Table 9. 

Untreated polyester fibres had the highest tenacity, followed by untreated 50/50 

polyester/cotton blend, and finally untreated cotton with the lowest. 

Glycerol treated polyester fibres had tenacity almost equal to that of untreated 

polyester, however it had a high value of spinnability which was 250dtex higher than 

untreated polyester. These treated fibres also caused problems in spinning by 

sticking on the rollers. 

PEG4000 treated polyester had a low tenacity compared to untreated polyester. 

Additionally, it showed very high spinnabity value that was 372 dtex higher compared 

to untreated. 

For Polyester/cotton blend, the glycerol treated fibres show a low tenacity compared 

to the untreated ones. The treated fibres also show high spinnability value that was 

223 dtex higher than the untreated polyester cotton blend.  
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5. Discussion 

The aim of this thesis was to study the effect of lubricant pre-treatment on the 

shredding process. It was anticipated that inter-fibre friction would affect the fibre 

length reduction during fabric shredding. A new method was developed to measure 

inter-fibre friction of the carded webs on a tensile tester in order to choose the most 

efficient lubricant for polyester and cotton as well as their blends.  The effect of 

blending and lubricant pre-treatment on the inter-fibre friction was also studied. 

Basing on the results two pre-treatments were chosen to further determine the effect 

of the applied on the yarn spinning and tensile properties of the yarns.  The analysis 

begins with the observations made using the developed method, followed by the 

effect of blending, and finally the effect of lubricant on inter-fibre friction and yarn 

properties. 

5.1. Analysis of observations made during inter-fibre friction 

measurement 

For purposes of better discussion, the curve for cotton fibre is extracted from Figure 

11 and will be represented here as shown in Figure 21.  

 

Figure 21; Force-Elongation curve of cotton fibre web. 
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According to Figure 21, the force from 0 to A is due to pretension. From point A, the 

force starts to increase as the web stretches up to the maximum at B. From B, the 

force decreases as the fibres in the web start to slide past one another. At point C 

the force continues to decrease as fibres start to separate up to point D, where the 

web is completely set apart. The force between A and B is due to the static friction 

resistance of the fibre web. The maximum force required to slide the fibres past one 

another is denoted as Fmax. These observations agree with those reported by Kothari 

and Das, (2008) on Figure 6 in chapter 2. They report that, the force that prevents 

these fibres from sliding is the friction resistance brought by the crimp and 

mechanical interlocking of the fibres in the web. 

From point B, the fibres slide past one another until they start to separate at point C. 

This observation was confirmed by using a mobile phone video camera in slow 

mode. From point B to C sliding of fibres can be attributed to kinetic friction 

resistance which is always lower than the static friction. Thus, when the fibres start to 

slide past one another, the force required to pull them apart decreases. This explains 

why the curve begins to slope down at B. The gradient curve is obtained by 

calculating the gradient at each point on the curve (i.e.  𝑑𝑦 𝑑𝑥⁄  

=𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑒𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛⁄ ). The lowest point on the gradient 

curve shows that there is another effect that comes in which is fibre separation. 

The curve has also divided into zone I, II and III. In zone I, the fibres haven’t started 

moving past one another therefore it can be termed as the static zone. In this region 

the percentage of number of fibres in contact is 100%. In zone II the fibres start to 

slip past one another and the percentage of the number of fibres in contact is still at 

100%. This can be termed as the kinetic zone. Zone III the fibres in contact 

decreases and may be termed as the separation zone.  

From Figure 11, cotton showed a significantly higher friction resistance than 

polyester. This could be due to the difference in surface structures. It has been 

reported in similar studies that, in all environmental conditions, cotton has higher 

static friction than polyester (Moorthy and Kandhavadivu, 2015).This could be 

attributed to the difference in surface morphology and geometric structure of the two 

fibres. It is reported that, cotton has a naturally crimped structure with convolutions. 
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These give it a fuzzy structure that is responsible for the high friction between the 

fibres. On the other hand, polyester fibre possess a smooth surface which leads to 

low interfibre friction resistance (Moorthy and Kandhavadivu, 2015). Friction 

resistance is brought about by the crimped fibres that are mechanically interlocked 

(Kothari and Das, 2008). Even though the polyester fibres are crimped artificially, the 

level of crimp imparted cannot compare to the naturally crimped cotton.  

It is shown in Figure 13 that there is a high positive correlation between the energy 

and the interfibre frictional force. Which implies that, the higher the friction resistance 

the greater the energy required to separate the fibres. 

Basing on this study and the method developed, it could be mentioned that crimp 

and level of mechanical interlocking in the fibre web could be determining factors of 

the static interfibre friction of carded fibre web. 

5.2 Effect of blending on inter-fibre friction 

Fibre blending had an effect on the fibre to fibre friction as shown in Figure 15. 

Cotton had a higher friction force compared to polyester. The reason for this has 

been explained already in terms of difference between their surface structures. The 

main aim of blending is to have the good attributes of one fibre compensate the bad 

attributes of the other fibre. It was observed that blends with high percentage of 

cotton (30P/70C) had significantly higher inter-fibre friction compared to blends with 

high percentage of Polyester (70P/30C). This is expected because the properties of 

the fibre with high percentage will dominate the properties of the blend. Inter-fibre 

friction in a polyester/cotton blend is expected to occur between cotton/cotton fibres, 

polyester/polyester fibres as well as polyester/cotton. Therefore, in a 50/50% 

polyester/cotton blend the frictional resistance is expected to be midway between 

that of 100% cotton and 100% polyester contact as it was shown in Figure 15. The 

reason for this could be that, there is more polyester/cotton friction than there is 

cotton/cotton or polyester/polyester friction. It would be expected the friction force of 

30/70 polyester/cotton blend would close to that of 100% cotton. However, it was 

observed to be significantly different. This could probably be that the fibres were not 

evenly distributed since the blending was done by hand.  
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5.3 Effect of treatment on inter-fibre friction 

It was observed that, there was difficulty in opening and carding when high amounts 

of lubricant treatments were used. The reason for this could be be that, high 

amounts lead to too low friction which interferes with the carding process. These 

observations agree with those made by  Roder, (1953). During related experiments 

he noted that, increasing the amount of lubricant oil beyond a certain percent will 

result in formation of a lubricant layer around the fibres. This will hinder the smooth 

slippage of the fibres. It has also been reported that, using lubricants in high mounts 

during carding leads to cylinder loading (fibres sticking on the card clothing (Raes 

and Röder, 1955).This is true according to the observations made in this study 

during trial runs with the spin finish. Kothari and Das, (2008) also adds that, too 

many fibres matted on the cylinder and flats not only hinder removal of neps during 

carding but also facilitates formation of more neps. Thus, during the process, 

formation of clusters in the web increases as observed for cotton fibre webs in Figure 

17. 

From Figures 18 and 20, for polyester and cotton respectively, it is observed that, 

generally for most lubricants, the shape of the curve slopes down as the amount 

increase to a certain minimum. This was accompanied with good carding. It then 

starts to raise again with further increment in amount and the quality of the web 

produced starts to decrease. The decrease in friction to a certain minimum 

accompanied with good opening could probably be that; the inter-fibre friction is low 

enough to facilitate opening to the extent that, the crimp in the fibres is significantly 

reduced. Thus, low friction values were obtained during measurement. This effect 

was so evident with PEG4000 especially when 0.29 % and 0.71% was used for 

cotton and polyester fibre webs respectively. For the latter, the fibres were nearly 

parallel to each other, the web was so flabby and voluminous. The raising of the 

curve when lubricant amount increased could be that, the lubricant starts to interfere 

with the carding process and instead a more coherent web is produced which shows 

an increase in friction during measurement. This was also accompanied with 

decrease in the quality of the web produced.  

However, it was also observed that, after the curve has risen to certain point, it 

slopes down again with further increase in lubricant amount beyond 1.43%. But also, 

the quality of the web decreased further. This was observed especially with spin 
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finish and PEG1000 treatments of cotton. It is not clear why this happens, but it 

could be that, the amount of lubricant layer formed between the fibres increases 

thus, there is less contact between them. This also further interferes with the carding 

process leading to formation of more neps in the web.  

The lubricants used are different in terms of molecular structure and molecular mass, 

therefore, it was expected that they would affect the fibres differently. For example, 

PEG4000 behaved differently from PEG 1000 and this could be due to the difference 

in their molecular mass. The effect of lubricants on cotton was also different from 

that of polyester.  This could be attributed to the difference in their chemical and 

geometric structure as well as in properties such as wetting. 

5.4 Effect of lubricants on yarn tenacity and spinnability 

According to the results from yarn measurements in Table 9, it was observed that, all 

the treated cotton fibres could not be drawn on the draw frame thus, no yarn was 

spun from these fibres. The same was observed for PEG4000 treated 

polyester/cotton blend. The reason for this could be that, the inter-fibre friction in 

these fibres was too low to enable the process-ability of fibres on the draw frame. 

Glycerol treated cotton fibres also could not be drawn. This may also be attributed to 

too high amounts of lubricant that interfered with the process. 

According to the literature, high inter-fibre friction results into stronger yarn. 

However, according to Table 9, it is shown that, untreated polyester had the highest 

strength compared to cotton yet, from previous results in Figure 11, it was shown 

that, cotton exhibited higher inter-fibre friction compared to polyester. This could be 

attributed to other factors. According to Mogahzy, (2008a), the strength of the yarn is 

not only governed by inter-fibre friction. Other factors such as the strength and 

elongation of the fibre are noteworthy. It is well known that polyester fibres have 

higher tenacity than cotton hence it will produce a stronger yarn. The untreated 

50/50 polyester/cotton blends were expected to have tenacity in between that of 

polyester and cotton as shown in Table 9 due to the effect of blending. 

When it comes to the lubricated fibres in Table 9, it was generally shown that they 

had lower tenacity compared to their untreated counterparts. Keeping other factors 

constant, the difference can be attributed to the low inter-fibre friction brought about 

by lubrication. This agrees with conclusions made by Broughton Jr et al., (1992) that, 
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inter-fibre friction is a dominant factor in determining the deformation of the yarn as 

long as other factors are kept constant. In their studies on the failure mechanism of  

of a ring span yarn, Broughton Jr et al., (1992) noted that, altering the inter-fibre 

friction by a lubricant can greatly affect the strength of the yarn. The reason for this 

was that, the stress causes the fibres in the lubricated yarn to easily glide over each 

other, breaking the yarn. Stout, (1970) also adds that, too low inter-fibre friction 

increases the bulkiness and reduces the coherence of the fibres, facilitating fibre 

slippage within the twisted yarn. This ultimately results in low strength of the yarn. 

It was also noted that, polyester fibres treated at 1% glycerol were sticking on the 

drafting rollers of the spinning machine which may in the long run interfere with the 

process. The reason for this could be that the amount of lubricant use was high.  

It is shown in Table 9 that, the lubricants affected the spinnability of the yarns. It 

should be noted that a high value in the table shows poor spinnability, while a low 

value shows good spinnability. Spinnability is referred to as the finest yarn count that 

may be spun below which yarn breakage will occur (Krifa and Ethridge, 2004). A 

high value of dtex in Table 9 indicates course yarns while a lower value indicates a 

finer yarn implying good spinnability. Thus, it can be said that the treated fibres could 

only produced course yarns that may not be suitable for garment making.  

In general, the observations during this study show that addition of a small amount of 

lubricant lowers the inter-fibre friction. In addition to that, it is shown that there is a 

threshold of the inter-fibre friction beyond which the fibres can be carded, drawn or 

span. According to studies made by Röder (1953) on the effect of lubricant amounts 

on the quality of spinning cotton type viscose fibres, he noted the following; 0.1-0.3% 

of lubricant leads to good carding, 0.7-0.8% may just be processed, 1.79 -2.15% 

may not be processed on draw frames. These observations seem to be almost true 

for polyester staple fibres in this study though, not for cotton. Even though not all 

lubricants were tested for their effect on yarn productivity, the following may be noted 

in generalisation of all the lubricants amounts used for cotton in this study; 0.29% - 

0.71% can be carded very well but may not be spun. 0.71% -1.43% may be carded 

satisfactorily but may not be spun, above 2.14% leads to very poor opening, and 

cylinder loading. It is most likely that, less than 0.2% amount of lubricant can be 

carded well as well as spun. According to Roder, (1953), 0.2% of the lubricant is 
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enough to give an optimum value required for carding. Hence forth, it can be 

mentioned that inter-fibre friction is indeed a determinant factor on how mechanical 

processing of textile materials will progress. Additionally it plays an important role in 

determining the mechanical properties of the resultant product. 

Relating the results of this study to the reduction of fibre length drop in shredding 

which was the focus of this thesis, it can be mentioned that, lubrication of fabric prior 

to shredding will most likely reduce fibre length drop. Lubricant amounts between 

0.1% and 1% on weight of fabric are likely to be most suitable amounts. This 

conclusion is drawn based on the fact that, addition of lubricant lowers inter-fibre 

friction. Low inter-fibre friction results into easier slippage of fibres. This facilitates 

deformation of the yarn with minimal fibre damage when subjected to mechanical 

stress. According to this study, it is anticipated that, very low inter-fibre friction may 

be required to deform the yarns and fabric during shredding. However, too low could 

affect the subsequent processes such as from carding, to yarn and fabric formation. 

Of all lubricants, it is likely that, PEG4000 will perform better in reducing the inter-

fibre friction during shredding compared to the other lubricant used in study. This is 

because this type of lubricant has shown the greatest effect in reduction of inter-fibre 

friction compared to other lubricants.  
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6. Conclusions, recommendations and further research 

The main aim of the study was to explore and evaluate how pre-treatment may 

reduce the fibre length drop during the shredding process. It was anticipated that, 

inter-fibre friction would be a factor that affects the shredding process. A method was 

developed to measure inter-fibre friction on a tensile tester. The effect of blending on 

inter-fibre friction was investigated. In addition to that, the effect of lubricant pre-

treatment on inter-fibre friction was explored. Basing on the results, two pre-

treatments were chosen to investigate further the effect of the lubricants on yarn 

tenacity and spinnability. Even though the shredding was not done, the results 

obtained provide useful information on what is likely to happen during the shredding 

process. 

The results showed that, the developed method can be used to measure inter-fibre 

friction. The method showed results that relate to those that have been reported by 

other Authors who have used different methods.  

It was found that, cotton has higher inter-fibre friction than polyester fibres and this 

was attributed to the difference in surface morphology and geometry of the fibres. 

Inter-fibre friction in the blends is dependent on the inter-fibre friction of the 

constituent fibres. 50/50 polyester/cotton blend ratio gives inter-fibre friction value 

midway between that of 100% cotton and 100% polyester. Inter-fibre friction in a 

carded web is dependent on the crimp and mechanical interlocking of the fibres. 

The lubricant pre-treatments significantly altered the friction properties of both cotton 

and polyester fibres. It was noted that using a small amount of lubricant is enough to 

alter the inter-fibre friction, which in turn affects their mechanical process-ability. 

Using high amounts of lubricant beyond 1.43% leads to poor carding. Very high 

amounts above 2.15% could lead to formation of clusters in the web and cylinder 

loading especially for cotton fibres. 

Lubricant pre-treatment also lowers the tensile strength and affects the spinnability of 

the yarn. Generally, for cotton, lubricant amounts less than 0.2% are likely to provide 

better carding and spinning. 0.29 to 1% will be carded but may not be spun into 

yarns. For polyester, lubricant amount between 0.2% to 1% will provide good carding 

and spinning. However, the extent of the effect will depend on the nature of the type 

of lubricant.  
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The amount of treatment that gave low inter-fibre friction together with good carding 

of cotton fibres was; 0.2% for spin finish and PEG1000, 0.29% for PEG4000 and 

0.71% for glycerol. For polyester fibres, low friction together with good carding were 

achieved at 0.29% for glycerol and spin finish, 0.71%for PEG 4000 and 1.43% for 

PEG1000. Of all treatments, PEG4000 gave the best results for both cotton and 

polyester fibres. 

Hence forth, it can be mentioned that inter-fibre friction is a determinant factor on 

how mechanical processing of textile materials will progress. It can therefore be 

mentioned that, lubricant pre-treatment of fabrics prior to shredding will most likely 

provide a more gentle process by reducing the interfibre friction. Hence, minimise  

the fibre length drop. This is based on the fact that, lubricants reduce the inter-fibre 

friction within yarns, which enables easier slippage of fibres within the yarns. Thus, 

this will facilitate easier deformation of the yarns during the shredding process, and 

eventually reduce fibre length drop. However, the effect will depend on the type of 

fibre, type of lubricant used and the amount. PEG4000 is likely to provide better 

results when used in amounts ranging from 0.1 to 0.71% on weight of fabric. The 

environmental implication is minimal when harmless lubricants such as PEG and 

glycerol are applied by spraying. 

 

6.1 Recommendations and further research. 

The developed method of measuring interfibre friction needs to be developed further 

by deriving equatons that can be used to calculate static and dynamic coefficients of 

friction. Aditionaly, further determine other parameters that may affect the results. 

The reproducibility of the results need to be tested as well. 

It is recommended that for lubricant pretreatment prior to shredding, amounts to be 

used should be between 0.1%-1% on weight of fabric. The amount will depend on 

the type of lubricant and type of fibre being treated. Moreover, the lubricant chosen 

and the application method used should have no effect on the environment. 

Otherwise, the goal of recycling will not be achieved if more waste is instead 

produced. Spraying is a very easy method that can be done automatically without 

any excess solution left to the drains.  Green lubricants such as PEGs and glycerol 

could be a good choice to explore. 
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The effect of the lubricant on the shredding process needs to be investigated further. 

It would be interesting to know the fibre length obtained, the degree of material 

breakdown, as well as the energy consumption through out the shredding process. 

 

It is expected that, interfibre friction in woven fabrics is high. Therefore, it may need 

higher amounts of lubricant to reduce the friction to the extent that, the fibres are 

plucked out easily and gently. However, basing on the results, there is a high 

likelyhood that, the amount of lubricant used for shredding is likely to  interfere with 

the subsequent processes such as; carding, spinning and weaving upto production 

of another garment. Therefore, it would be important to explore what happens to the 

reclaimed fibres during the processes that follow. Forexample whether the lubricant 

may need to be removed before the next process or not. 
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APPENDIX I 

Mean and standard deviation results obtained from static friction measurements. 

Table 10; Mean and standard deviation (SD) of friction force of non-blended and 

blended fibres (group I) 

Sample No. Mean  SD 

P 10 0.8413 0.09442 

50P20C 10 0.8894 0.0899 

35P35C 10 1.0154 0.0661 

50C20P 10 1.0579 0.0872 

C 10 1.1963 0.0973 

 

Table 11; Mean and standard deviation of friction force of untreated and treated 
cotton fibres in group II 

%wof Spin finish PEG1000 PEG4000 Glycerol 

 mean SD mean SD mean SD mean SD 

0 1.281 0.107 1.281 0.107 1.281 0.107 1.281 0.107 

0.2 1.12 0.159 1.190 0.07 1.28 0.122 1.253 0.116 

1.43 1.156 0.151 1.223 0.13 1.032 0.114 1.238 0.105 

0.71 1.280 0.089 1.248 0.083 1.137 0.091 1.116 0.102 

0.29 1.044 0.867 1.212 0.156 1.284 0.105 1.341 0.123 

2.14 0.891 0.137 1.13 0.108     

2.86   1.119 0.108     

 

Table 12; Mean and standard deviation of friction force of untreated and treated 

polyester fibre webs 

% 

w.o.f 

spin finish PEG1000 PEG4000 Glycerol 

 mean SD mean SD mean SD mean SD 

0 0.775 0.009 0.775 0.009 0.775 0.009 0.775 0.009 

0.29 0.728 0.079 0.831 0.1 0.632 0.055 0.742 0.063 

0.71 0.732 0.056 0.779 0.126 0.439 0.05 0.861 0.05 

1.43 0.756 0.078 0.631 0.057 0.532 0.038 0.764 0.056 

2.14 0.804 0.080 0.611 0.061     

4.29 0.865        
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Force-Elongation curves of polyester and cotton firbes treated with different 

pretreatments. 

 

 

Figure 22; Force-Elongation curve cotton fibre treated with different amounts of spin 

finish. 

 

 

Figure 23; Force-Elongation curve cotton fibre treated with different amounts of PEG 

1000. 
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Figure 24; Force-Elongation curve cotton fibre treated with different amounts of 

PEG4000. 

 

Figure 25; Force-Elongation curve cotton fibre treated with different amounts of 

glycerol. 
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Figure 26; Force-Elongation curve polyester fibre treated with different amounts of 

spin finish. 

 

 

Figure 27; Force-Elongation curve polyester fibre treated with different amounts of 

PEG1000. 
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Figure 28; Force-Elongation curve polyester fibre treated with different amounts of 

PEG4000. 

 

Figure 29; Force-Elongation curve polyester fibre treated with different amounts of 

glycerol. 
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APPENDIX II. 

Analysis of variance. 

The statistical analysis done using one way ANOVA for different groups is presented 

in ANOVA I to ANOVA X . For all tests; the null hypothesis was that; all means are 

equal while the alternative hypothesis was that; at least one mean is different. The 

significance level α=0.05. 

ANOVA I; Analysis of Variance for untreated cotton and polyester fibres  

Null hypothesis         All means are equal 

Alternative hypothesis  At least one mean is different 

Significance level      α = 0.05 

 

Equal variances were assumed for the analysis. 

 

Factor Information 

Factor        Levels   

Treatment       2      cotton, polyester 

 

Source  DF  Adj SS   Adj MS  F-Value  P-Value 

fibre      1      1.2575  1.25749   131.58    0.000 

Error    18    0.1720  0.00956 

Total    19    1.4295 

 

Model Summary 

 

        S    R-sq  R-sq(adj)  R-sq(pred) 

0.0977580  87.97%     87.30%      85.14% 

 

ANOVA II; Analysis of Variance for fibres and blends 

 

Analysis of Variance 

 

Source  DF  Adj SS    Adj MS    F-Value  P-Value 

fibre      4       0.7952   0.198809    25.88    0.000 
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Error     45     0.3457   0.007683 

Total     49     1.1410 

 

Model Summary 

        S     R-sq         R-sq(adj)  R-sq(pred) 

0.08765  69.70%     67.01%      62.59% 

 

Tukey Simultaneous Tests for Differences of Means 

 

Difference of          Difference         SE of                                          Adjusted 

Levels                   of Means      Difference        95% CI        T-Value   P-Value 

100P - 100C             -0.3550      0.0392    (-0.4664, -0.2436)    -9.06     0.000 

30P70C - 100C         -0.1384      0.0392    (-0.2498, -0.0269)    -3.53     0.008 

50P50C - 100C         -0.1809      0.0392    (-0.2923, -0.0694)    -4.61     0.000 

70P30C - 100C         -0.3068      0.0392    (-0.4182, -0.1954)    -7.83     0.000 

30P70C - 100P          0.2166      0.0392    ( 0.1052,  0.3280)      5.53     0.000 

50P50C - 100P          0.1741      0.0392    ( 0.0627,  0.2856)      4.44     0.001 

70P30C - 100P          0.0482      0.0392    (-0.0633,  0.1596)      1.23     0.735 

50P50C - 30P70C    -0.0425      0.0392    (-0.1539,  0.0689)     -1.08     0.814 

70P30C - 30P70C    -0.1684      0.0392    (-0.2799, -0.0570)     -4.30     0.001 

70P30C - 50P50C    -0.1260      0.0392    (-0.2374, -0.0145)     -3.21     0.020 

 

Individual confidence level = 99.33% 

 

ANOVA III; Analysis of Variance spin finish treatment of cotton fibres 

Source  DF  Adj SS   Adj MS  F-Value  P-Value 

trt           5    0.9264  0.18527    12.00    0.000 

Error      51  0.7877  0.01545 

Total      56  1.7141 

 

Model Summary 

       S       R-sq          R-sq(adj)  R-sq(pred) 

0.124280  54.04%     49.54%      42.43% 
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Tukey Simultaneous Tests for Differences of Means 

 

Difference   Difference       SE of                               Adjusted 

of Levels      of Means   Difference        95% CI        T-Value   P-Value 

0.2 - 0          -0.1607        0.0556       (-0.3254,  0.0040)    -2.89     0.059 

0.29 - 0         -0.1248       0.0556       (-0.2894,  0.0399)    -2.24     0.236 

0.71 - 0         -0.0001       0.0556       (-0.1648,  0.1645)    -0.00     1.000 

1.43 - 0         -0.2365       0.0556       (-0.4012, -0.0719)    -4.26     0.001 

2.14 - 0         -0.3893       0.0612       (-0.5707, -0.2078)    -6.36     0.000 

0.29 - 0.2       0.0359       0.0556       (-0.1287,  0.2006)     0.65     0.987 

0.71 - 0.2       0.1605       0.0556       (-0.0041,  0.3252)     2.89     0.060 

1.43 - 0.2       -0.0758     0.0556        (-0.2405,  0.0888)    -1.36     0.748 

2.14 - 0.2       -0.2286     0.0612        (-0.4101, -0.0471)    -3.73     0.006 

0.71 - 0.29      0.1246     0.0556        (-0.0401,  0.2893)     2.24     0.237 

1.43 - 0.29     -0.1118     0.0556        (-0.2764,  0.0529)    -2.01     0.351 

2.14 - 0.29     -0.2645     0.0612        (-0.4460, -0.0831)    -4.32     0.001 

1.43 - 0.71     -0.2364     0.0556        (-0.4011, -0.0717)    -4.25     0.001 

2.14 - 0.71     -0.3891      0.0612      (-0.5706, -0.2077)    -6.35     0.000 

2.14 - 1.43     -0.1528      0.0612      (-0.3342,  0.0287)    -2.49     0.145 

Individual confidence level = 99.54% 

 

ANOVA IV; Analysis of VariancePEG 1000 treatment for Cotton 

 

Source        DF    Adj SS   Adj MS  F-Value  P-Value 

treatment      6     0.2107  0.03511     2.81    0.018 

Error             63   0.7884  0.01251 

Total             69   0.9991 

Model Summary 

       S        R-sq  R-sq(adj)  R-sq(pred) 

0.111870  21.09%     13.57%       2.58% 
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Tukey Simultaneous Tests for Differences of Means 

 

Difference    Difference       SE of                               Adjusted 

of Levels       of Means  Difference        95% CI        T-Value   P-Value 

0.2 - 0         -0.0904        0.0500    (-0.2428,  0.0621)    -1.81     0.549 

0.29 - 0        -0.0568       0.0500    (-0.2092,  0.0957)    -1.13     0.915 

0.71 - 0        -0.0323       0.0500    (-0.1847,  0.1202)    -0.65     0.995 

2.14 - 0        -0.1509       0.0500    (-0.3033,  0.0016)    -3.02     0.054 

1.43 - 0        -0.0683       0.0500    (-0.2207,  0.0842)    -1.36     0.818 

2.86 - 0        -0.1611       0.0500    (-0.3136, -0.0087)    -3.22     0.031 

0.29 - 0.2       0.0336      0.0500    (-0.1189,  0.1861)     0.67     0.994 

0.71 - 0.2       0.0581      0.0500    (-0.0944,  0.2106)     1.16     0.906 

2.14 - 0.2      -0.0605      0.0500    (-0.2130,  0.0920)    -1.21     0.888 

1.43 - 0.2       0.0221      0.0500    (-0.1304,  0.1746)     0.44     0.999 

2.86 - 0.2      -0.0708      0.0500    (-0.2232,  0.0817)    -1.41     0.792 

0.71 - 0.29     0.0245      0.0500    (-0.1280,  0.1770)     0.49     0.999 

2.14 - 0.29    -0.0941      0.0500    (-0.2466,  0.0584)    -1.88     0.500 

1.43 - 0.29     -0.0115     0.0500    (-0.1640,  0.1410)    -0.23     1.000 

2.86 - 0.29    -0.1044      0.0500    (-0.2568,  0.0481)    -2.09     0.373 

2.14 - 0.71    -0.1186      0.0500    (-0.2711,  0.0339)    -2.37     0.228 

1.43 - 0.71    -0.0360      0.0500    (-0.1885,  0.1165)    -0.72     0.991 

2.86 - 0.71    -0.1289      0.0500    (-0.2813,  0.0236)    -2.58     0.151 

1.43 - 2.14     0.0826      0.0500   (-0.0699,  0.2351)     1.65      0.650 

2.86 – 2.14    -0.0103     0.0500   (-0.1627,  0.1422)    -0.20      1.000 

2.86 – 1.43    -0.0929     0.0500   (-0.2453,  0.0596)    -1.86      0.516 

 

Individual confidence level = 99.66% 

 

ANOVA V; Analysis of Variance PEG4000 treatment of Cotton fibres 

 

Source     DF   Adj SS   Adj MS  F-Value  P-Value 

Treatment   4   0.5217   0.13043    11.12    0.000 

Error          45   0.5280   0.01173 

Total          49   1.0497  
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Model Summary 

       S         R-sq      R-sq(adj)  R-sq(pred) 

0.108319  49.70%     45.23%      37.90% 

 

Tukey Simultaneous Tests for Differences of Means 

Difference   Difference       SE of                               Adjusted 

of Levels      of Means  Difference        95% CI        T-Value   P-Value 

0.2 - 0           -0.0005      0.0484  (-0.1382.  0.1372)    -0.01     1.000 

0.29 - 0         -0.2487      0.0484  (-0.3863. -0.1110)    -5.13     0.000 

0.71 - 0         -0.1440      0.0484  (-0.2817. -0.0063)    -2.97     0.036 

1.43 - 0           0.0033      0.0484  (-0.1344.  0.1410)     0.07     1.000 

0.29 - 0.2      -0.2481      0.0484  (-0.3858. -0.1104)    -5.12     0.000 

0.71 - 0.2       -0.1434      0.0484  (-0.2811. -0.0057)    -2.96     0.037 

1.43 - 0.2        0.0039      0.0484  (-0.1338.  0.1416)     0.08     1.000 

0.71 - 0.29      0.1047      0.0484  (-0.0330.  0.2424)     2.16     0.213 

1.43 - 0.29      0.2520      0.0484  ( 0.1143.  0.3897)     5.20     0.000 

1.43 - 0.71      0.1473      0.0484  ( 0.0096.  0.2850)     3.04     0.031 

Individual confidence level = 99.33% 

 

ANOVA VI; Analysis of Variance glycerol treatment for cotton fibres 

Source        DF     Adj SS   Adj MS   F-Value  P-Value 

Treatment    4     0.2720   0.06801     5.37    0.001 

Error            45   0.5704   0.01268 

Total            49   0.8424 

Model Summary 

       S         R-sq         R-sq(adj)  R-sq(pred) 

0.112585  32.29%     26.27%      16.41% 

 

Tukey Simultaneous Tests for Differences of Means 

Difference   Difference       SE of                                                 Adjusted 

of Levels      of Means  Difference          95% CI        T-Value   P-Value 

0.2 - 0            -0.0276       0.0503    (-0.1707.  0.1155)    -0.55     0.982 

0.29 - 0          -0.0425       0.0503    (-0.1857.  0.1006)    -0.84     0.915 
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0.71 - 0          -0.1643       0.0503    (-0.3074. -0.0212)    -3.26     0.017 

1.43 - 0           0.0606       0.0503    (-0.0825.  0.2038)     1.20     0.749 

0.29 - 0.2       -0.0149       0.0503    (-0.1580.  0.1282)    -0.30     0.998 

0.71 - 0.2       -0.1367       0.0503    (-0.2798.  0.0064)    -2.71     0.067 

1.43 - 0.2        0.0882       0.0503    (-0.0549.  0.2314)     1.75     0.413 

0.71 - 0.29     -0.1218       0.0503    (-0.2649.  0.0213)    -2.42     0.129 

1.43 - 0.29      0.1032       0.0503    (-0.0400.  0.2463)     2.05     0.260 

1.43 - 0.71      0.2249       0.0503    ( 0.0818.  0.3681)     4.47     0.000 

Individual confidence level = 99.33% 

 

ANOVA VII; spin finish treatment of polyester fibres. 

 

Source     DF   Adj SS    Adj MS  F-Value  P-Value 

treatment   5    0.1354  0.027077     4.15    0.003 

Error         54   0.3524  0.006526 

Total         59   0.4878 

Model Summary 

        S           R-sq       R-sq(adj)  R-sq(pred) 

0.0807836  27.75%     21.07%      10.81% 

 

Tukey Simultaneous Tests for Differences of Means for spinfinish treatment of 

polyester fibres 

Difference   Difference       SE of                                               Adjusted 

of Levels      of Means     Difference        95% CI       T-Value   P-Value 

0.29 - 0          -0.0510      0.0361    (-0.1578, 0.0558)    -1.41     0.719 

0.71 - 0          -0.0470      0.0361    (-0.1538, 0.0597)    -1.30     0.783 

1.43 - 0          -0.0231      0.0361    (-0.1299, 0.0837)    -0.64     0.987 

2.14 - 0           0.0252      0.0361    (-0.0816, 0.1320)     0.70     0.981 

4.29 - 0           0.0870      0.0361    (-0.0198, 0.1938)     2.41     0.172 

0.71 - 0.29      0.0040      0.0361    (-0.1028, 0.1108)     0.11     1.000 

1.43 - 0.29      0.0279      0.0361    (-0.0789, 0.1347)     0.77     0.971 

2.14 - 0.29      0.0763      0.0361    (-0.0305, 0.1830)     2.11     0.297 

4.29 - 0.29      0.1380      0.0361    ( 0.0312, 0.2448)     3.82     0.004 

1.43 - 0.71      0.0239      0.0361    (-0.0828, 0.1307)     0.66     0.985 
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2.14 - 0.71      0.0723      0.0361    (-0.0345, 0.1790)     2.00     0.356 

4.29 - 0.71      0.1340      0.0361    ( 0.0272, 0.2408)     3.71     0.006 

2.14 - 1.43      0.0483      0.0361    (-0.0585, 0.1551)     1.34     0.763 

4.29 - 1.43      0.1101      0.0361    ( 0.0033, 0.2169)     3.05     0.040 

4.29 - 2.14      0.0618      0.0361    (-0.0450, 0.1685)     1.71     0.532 

Individual confidence level = 99.54% 

 

ANOVA VIII; PEG1000 treatment for polyester fibres 

 

Source       DF   Adj SS    Adj MS    F-Value  P-Value 

Treatment   4     0.3872   0.096798    12.01    0.000 

Error          45    0.3628    0.008062 

Total          49    0.7500 

 

Model Summary 

        S       R-sq          R-sq(adj)  R-sq(pred) 

0.0897875  51.63%     47.33%      40.28% 

 

Tukey Simultaneous Tests for Differences of Means 

Difference   Difference       SE of                                              Adjusted 

of Levels      of Means    Difference        95% CI        T-Value   P-Value 

0.29 - 0           0.0518      0.0402    (-0.0624,  0.1659)     1.29     0.699 

0.71 - 0          -0.0003      0.0402    (-0.1144,  0.1139)    -0.01     1.000 

1.43 - 0          -0.1479      0.0402    (-0.2621, -0.0338)    -3.68     0.005 

2.14 - 0          -0.1677      0.0402    (-0.2818, -0.0535)    -4.18     0.001 

0.71 - 0.29     -0.0520      0.0402    (-0.1662,  0.0621)    -1.30     0.695 

1.43 - 0.29     -0.1997      0.0402    (-0.3138, -0.0855)    -4.97     0.000 

2.14 - 0.29     -0.2194      0.0402    (-0.3336, -0.1053)    -5.46     0.000 

1.43 - 0.71     -0.1476      0.0402    (-0.2618, -0.0335)    -3.68     0.005 

2.14 - 0.71     -0.1674      0.0402    (-0.2815, -0.0532)    -4.17     0.001 

2.14 - 1.43     -0.0197      0.0402    (-0.1339,  0.0944)    -0.49     0.988 

Individual confidence level = 99.33% 

 

ANOVA IX;PEG4000 treatment of polyester fibres 
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Analysis of Variance 

Source          DF    Adj SS    Adj MS     F-Value  P-Value 

Treatment     3      0.6357    0.211884    58.23    0.000 

Error             36    0.1310    0.003639 

Total             39    0.7666 

 

Model Summary 

        S    R-sq         R-sq(adj)  R-sq(pred) 

0.06032  82.91%     81.49%      78.90% 

Tukey Simultaneous Tests for Differences of Means 

Difference   Difference       SE of                                                Adjusted 

of Levels      of Means    Difference        95% CI        T-Value   P-Value 

0.29 - 0           -0.1468      0.0270    (-0.2195, -0.0741)    -5.44     0.000 

0.71 - 0          -0.3400      0.0270    (-0.4127, -0.2674)   -12.60     0.000 

1.43 - 0           -0.2471      0.0270    (-0.3198. -0.1744)    -9.16     0.000 

0.71 - 0.29      -0.1932      0.0270    (-0.2659, -0.1205)    -7.16     0.000 

1.43 - 0.29      -0.1003      0.0270    (-0.1730, -0.0276)    -3.72     0.004 

1.43 - 0.71       0.0929      0.0270    ( 0.0203,  0.1656)      3.44     0.008 

Individual confidence level = 98.93% 

 

ANOVA X; Glycerol treatment for polyester fibres 

Analysis of Variance 

Source        DF    Adj SS    Adj MS      F-Value  P-Value 

Treatment    3     0.08111   0.027037     6.29    0.002 

Error            36    0.15480   0.004300 

Total            39    0.23591 

 

Model Summary 

        S    R-sq  R-sq(adj)  R-sq(pred) 

0.06557  34.38%     28.91%      18.99% 

 

Tukey Simultaneous Tests for Differences of Means 

Difference   Difference       SE of                                              Adjusted 
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of Levels      of Means  Difference        95% CI        T-Value   P-Value 

 0.29 - 0           -0.0370      0.0293     (-0.1160.  0.0420)    -1.26     0.593 

 0.71 - 0           0.0822      0.0293      ( 0.0032.  0.1612)     2.80     0.039 

 1.43 – 0         -0.0148      0.0293      (-0.0938.  0.0642)    -0.51     0.957 

 0.71 - 0.29      0.1192      0.0293      ( 0.0402.  0.1982)     4.06     0.001 

 1.43 - 0.29      0.0222      0.0293      (-0.0568.  0.1012)     0.76     0.874 

 1.43 - 0.71     -0.0970      0.0293      (-0.1760. -0.0180)    -3.31     0.011 

Individual confidence level = 98.93% 

 


