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ABSTRACT 

This thesis consists of three chapters. The first chapter covers introductory 

definitions on the subject of tensile properties of textile fibers. Concepts such as 

individual fiber tensile strength, fiber bundle strength, and instruments such as apparatus 

for measuring tensile properties of fibers, creep, and stress are briefly reviewed in this 

chapter. The aim of the second chapter is to determine the relationships between 

individual cotton fiber tensile properties and their length, maturity, and fineness, within-

sample. To this end, six samples were selected among 104 reference cotton samples and 

each one was sorted into seven length groups using the array method. Tensile properties 

of each length group were tested using the FAVIMAT, the individual fiber tensile tester. 

In order to measure their maturity-ratio and fineness, samples were examined using the 

Advanced Fiber Information System (AFIS) Pro-2. It is observed in all samples that, 

within-sample, short cotton fibers have on average a lower tensile force. Also, within a 

sample, AFIS results indicate that longer fibers are on average more mature than shorter 

fibers. It can be concluded that throughout mechanical processing, the least mature cotton 

fibers may be broken into smaller segments. In the third chapter, we compared two 

common methods of testing fiber tensile strength, namely individual fiber and fiber 

bundle tests. Our objective is to investigate the relationships between individual fiber 

tensile force and other properties of cotton fibers and to identify the best predictors of 

individual cotton fibers’ tensile force using regression techniques. According to the 

results, almost two-thirds of the variability observed for the average tensile force of 

individual cotton fibers can be explained by fiber maturity and elongation. 
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DEFINITIONS 

Cotton fiber quality parameters – It is a set of dimensional and mechanical 

properties of cotton fibers (such as length, maturity, strength, and fineness) which defines 

the market value of a bale of cotton. 

Force-to-break (or tensile force) – is the maximum tensile force to rupture an 

individual fiber or a bundle of parallel fibers. The normalized force-to-break by weight is 

called tenacity. The normalized force-to-break by cross-section is called tensile stress. 

Elongation - is the extension of a fiber or a bundle of fibers during tensile strength 

test. It is expressed as a percentage of the initial length. 

Gravimetric fineness (natural fibers) - it describes the linear density of fibers or 

yarns and is usually expressed in tex, mass per unit length. 

Maturity of cotton fibers – is expressed in theta (the degree of thickening) which is 

defined as the ratio of the area of the cell wall to the area of a circle having the same 

perimeter as the fiber cross section. 

Elastic recovery - is the capacity of a stretched fiber to return to its original length 

when extended and then released. 

Stress-Strain curve – expresses the behavior of individual fiber under the gradually 

increasing applied force. 

Yield point – is a transition point between the initial steep slope in stress strain 

curve (first phase) and plasticity region (second phase) with rapid extension and 

permanent deformation. 
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Initial Modulus – is equal to the slope of the stress-strain curve at the origin (after 

crimp removal)
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CHAPTER I 

INTRODUCTION 

Tensile Properties of Cotton Fibers 

Physical properties of cotton fibers can be classified into moisture absorption, 

mechanical, electrical, and thermal properties. The most important mechanical properties 

of fibers are their tensile properties. Not only the performance of fibers in different 

spinning and textile processing, but also the quality of the final product is highly 

dependent on tensile properties of raw fibers. For instance, stronger fibers provide higher 

degree of fiber-to-fiber separation and therefore cotton can be cleaned more readily 

(Gordon & Hsieh, 2007). 

Tensile properties of yarns and fabrics depend on both complex fibers 

arrangements (includes length, diameter, friction, etc.) inside the yarn and fabric 

structure, and also on the tensile properties of fibers. That is, while information about the 

complex relationships between fiber arrangement parameters is necessary, having 

knowledge about the tensile properties of fibers is crucial for better understanding of the 

mechanical behavior of yarns and fabrics.  

Tensile properties of cotton fibers are influenced by the internal structure of the 

fibers. Cotton fiber is 98% cellulose. Cellulose molecule is synthesized from sucrose, the 

major type of sugar which can be found in the sap of cotton plant. Sucrose will be 

converted within the cell into one molecule of glucose and one molecule of fructose; 
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then, fructose will be converted into glucose. Afterward two glucose molecules will react 

together to form cellobiose; it will be then polymerized to form cellulose. It is reported 

that the rigidity of the cellulosic chains, the highly fibrillar and crystalline structure of 

cellulose macromolecules, and the extensive intermolecular and intramolecular hydrogen 

bonding are among the factors that affect most cotton fibers, tensile properties. Also, 

cotton fiber strength has been shown to be associated with the molecular weight of the 

cellulose, the crystalline regions in the fibers, and the reversals and convolutions of the 

fibers. 

Cotton fibers are not homogeneous in their physical properties and dimensions. 

Their maturity, diameter, and fineness are different from to fiber. Sometimes, even 

alongside the length of a fiber, there is a variation in physical properties, such as cellulose 

density. Thus, the measured strength is affected by the test length because of weak-link 

effect theory. The weak link effect theory will be discussed in chapter 3.  

Literature Review 

One of the most comprehensive books in the field of physical properties of textile 

fibers has been written by Morton and Hearle (Morton & Hearle, 1993). It covers a wide 

range of physical properties of both natural and manmade fibers. After detailed 

discussion on fiber structure and fiber sampling, especially for cotton fibers, the authors 

explain fiber dimensions and their behavior in a humid environment. Electrical, optical, 

thermal, and finally tensile properties of fibers are reviewed in this book. Topics such as 

single fiber tensile properties, tensile properties of fibers with high between fiber 
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variability (such as cotton fibers), the elastic recovery of fibers, and the effect of time 

during tensile measurement test are covered. In general, they mentioned that the 

condition of testing (temperature and moisture), processing history of cotton samples, 

gauge length, fiber arrangement between the gauges, and timing of the test are all the 

factors that need to be considered for testing the tensile properties of cotton fibers. The 

nature of tensile testing can be either standardized by applying a constant rate of 

elongation or a constant rate of loading. 

They specifically reviewed the studies on tensile properties of individual cotton 

and other natural-cellulosic fibers. They reported that the load elongation curve for cotton 

is slightly concaved to the elongation axis. They noted that finer cotton has higher 

tenacity and initial modulus on average compared to the coarser cotton (between 

samples). Also, the range of breaking elongation is stated to be between 5 to 10% and is 

stated that does not depend on fineness (between samples). They show that the 

correlation between tenacity and molecular orientation is better than the relationship 

between tenacity and fineness (they described that the molecular orientation is closely 

related to the spiral angle which is the difference between the refractive indices for light 

polarized parallel and perpendicular to the fiber axis). The same relationship was seen 

between the length of cellulosic chain molecules and tenacity of different type of cotton. 

Therefore, it can be hypothesized that both of these factors, i.e. molecular orientation and 

length of cellulose macromolecules, are affecting the tensile strength of cotton fibers. 

The authors classify studies about tensile properties of various fibers and the 

effect of moisture, temperature, and light on them. For instance, in comparison with other 
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textile fibers, they have expressed that the cotton fibers do not have a clear yield point. In 

chapter fifteen, they discuss the elastic recovery of cotton fibers and express that it is 

almost independent of the variety of cotton. However since coarse cotton fibers have a 

lower modulus, they will show less recovery from a given stress. The recovery of cotton 

may not be significant compared with other fibers because, as already mentioned, the 

cotton fibers might not show an obvious yield point in their stress-strain curve. In other 

words, a permanent deformation for small stress in cotton fibers can be observed.  

More recently, a comprehensive book concerning the tensile properties of various 

textile and technical fibers has been published by The Textile Institute (A. R. Bunsell 

(Editor), 2009). This book contains eighteen chapters. It includes two introductory 

chapters on the subject of different methods for measuring the tensile strength of fibers. 

After that, the authors has mentioned several ways of determining fiber dimensions and 

analyzing the surface, such as scanning electron microscopy, laser interferometry, 

vibrational methods, light microscopy, and etc. The x-ray diffraction and Fourier 

transform infrared analysis for investigations on internal structure of fibers are also 

reviewed. In remaining sections, each chapter considers the recent investigations on 

tensile properties of specific type fiber. Farag and Elmogahazy, tried to summarize 

studies on the tensile properties of cotton fibers in chapter three. They mentioned that the 

fiber bundle strength is increased as the cotton fibers goes forward toward the different 

spinning processes. This is probably due to the removal of short fibers from the raw 

material after each processing step. They also stated that the saw ginning, which is used 

for ginning medium and short staple fiber, impart higher stress to the fibers than roller 
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ginning, which is used for ginning long and extra-long cotton. This may damage good 

quality cotton and lower its grade. 

Meredith made extensive studies on the tensile properties of different cotton 

varieties available in the middle of the 20th century, which showed the wide range of 

tensile strength values for different cottons (Reginald Meredith, 1945). He reports that the 

Indian cotton as the weakest cotton in the market (R. Meredith, 1946). However, those 

old varieties have been replaced by improved varieties these days. He classified the 

cotton fibers in the category of weak and less extensible general textile fibers. Morlier et 

al. conclude that the longer the fiber is, higher its tenacity shall be (Morlier, Orr, & 

Grant, 1951). Morlier et al. reported a good relationship between linear density and 

strength of cotton fibers within-sample; while, Meredith found no correlation between 

these two variables within a sample of cotton fibers. Foulk and McAlister report an study 

on the tensile properties of cottons with three micronaire values (Foulk & McAlister, 

2002). They stated that the elongation, tensile force, and linear density are higher for 

cottons with higher micronaire value. They used FAVIMAT to test individual fiber 

tensile properties and expressed that the cotton fibers crimp, in addition of other tensile 

properties of cotton fibers, has potential to be used for classifying cotton samples. You-

Lo Hsieh published several studies on this subject. She measured the tensile properties of 

individual cotton fibers of two different varieties at various developmental stages (Hsieh, 

Hu, & Wang, 2000). She reported, with the development of fibers, their average tensile 

force increases. This increase is more significant during the fourth week of fiber 

development (16 –18 days post anthesis) when secondary cell wall synthesis is initiated.  
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In another study, she studied the tensile properties of individual cotton fibers on different 

ovule locations (Hsieh, 2000). She reported that single fiber tensile force and tenacities 

are higher on average for fibers from the medial regions of the ovules compared to those 

from the chalazal and micropylar ends. In the next study, she examined the tensile 

properties of five cultivated cottons (Liu, 2005). She showed that the tensile force 

distributions of these cultivars are statistically different. In addition, since she did not 

found any relationship between length and tensile strength between these unprocessed 

five cultivars, she concluded that the tensile properties are independent of length 

development. 

Tensile Properties of Individual Fibers 

Performance of fibers under different forces and deformations, which are applied 

along its longitudinal axis, are defined as the tensile properties of fibers. Throughout the 

past decades enormous numbers of books, book chapters and articles considering the 

tensile properties of cotton fibers have been published. In this section, the author explains 

some basic definitions and terms related to tensile properties of fibers and after that, the 

noteworthy publications are reviewed. 

Textile engineers, traditionally, prefer to normalize tension-at-break on a mass 

basis, known as tenacity, because it helps them to compare various types of fibers with 

different linear densities. Also, this is the most convenient and feasible way of doing it 

compared to the normalization with other dimensional properties such as cross-section 

area or volume (especially for cotton fiber with irregular shape of cross-section area). 
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Tenacity or specific stress, which is applied along the longitudinal fiber axis, is measured 

in N/tex. Since the regular SI unit for specific stress is Nm/kg, they use Newton per tex 

(N/tex) and milli-Newton per tex (mN/tex) for lower stress. The tex system is widely used 

by textile manufacturers for expressing the linear density of raw materials and yarn 

product s. 

Another way to express fiber breakage is by determining the energy needed to 

break the fiber. This energy is known as work of rupture or toughness and is given in 

joules. It demonstrates the ability of the fiber to survive under abrupt shocks with a given 

energy. 

Fiber breakage can be expressed by the percentage of elongation too. In other 

words, the breaking elongation gives a measure of the resistance of the material to 

elongate and, finally, break. It means how much the fiber will extend or elongate for 

finally the break to occur. It is an essential and critical property when a fiber or an 

assembly of fibers is subjected to stretching. Fortunately, unlike the strength which can 

be stated in different units, elongation to break is simply normalized as fractional strain 

or percentage extension. 

While the previously mentioned properties describe the physical properties at the 

breakage point, the stress-strain curve of individual cotton fibers provides us useful 

information about the response of fibers to the applied load or extension before break 

(Figure 1). Typically, the stress and strain have a linear relationship in the initial part of 

the stress-strain curve, known as the Hookean region. During this step, when small stress 
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is applied to the material, the polymeric chains will move from their original positions in 

an elastic manner; after removing the load, they will return to their original positions and 

the sample recovers completely from the deformation. The initial modulus (young 

modulus) is the slope of this linear line and represents the stiffness of a fiber. Fibers with 

higher modulus are known as hard and stiff materials. It is reported that the modulus of 

fibers are tightly related to the molecular orientation of the macromolecules constituting 

the fiber. Prior to the failure and after the initial modulus, stress-strain curve of fibers will 

extend into a nonlinear region. This region indicates that the polymers are no longer 

strained within their elastic region and they are beginning to move past another. Such a 

deformation is not reversible and is known as a plastic deformation. The point, at which a 

fiber`s stress-strain curve moves from the linear region to the plastic deformation region, 

is called the yield point (Figure 1). Although, there are several theories to define the yield 

point location in stress-strain curve. Meredith has suggested that this point should be 

defined as a point at which its tangent to be parallel to the line which is joining the origin 

of stress strain curve to the breaking point.  

There are mainly three instruments for measuring tensile properties of single 

fibers: Mantis, FAVIMAT, and Instron. All these apparatuses measure strength and 

elongation of individual fibers based on the constant rate of elongation. In the mantis, an 

electro-optical system measures also the ribbon width of each fiber. In addition to tensile 

properties, the FAVIMAT measures the fiber’s linear density (using a vibroscope), and 

the crimp. It is equipped with magazines where fibers are loaded. Then a robot transports 

the fibers from the magazine to the tensile test zone. However, the main principles of all 



Texas Tech University, Farzad Hosseinali, August 2012 

9 
 

these instruments are similar. Typically, both ends of a single fiber are clamped between 

two sets of jaws. The displacement may come from a constant speed motor, with 

interchangeable gears to vary rate of elongation, or from a computer-controlled stepper 

motor. The lower set of jaws, is mounted on a stiff load cell containing a strain-gauge or 

another form of transducer. The load and elongation are transferred to a computer, so that 

the data can be plotted or analyzed. 

Tensile Properties of Fiber Bundles 

In the past, scientists preferred to study the tensile properties of individual fibers 

rather than bundle of fibers. However, maybe because of the absence of efficient 

technology and instruments, they found it too time-consuming and tedious to carry out. 

Consequently, since their primary concern was prediction of yarn strength, they decided 

to test bundles of fibers rather than individual fibers. 

The fiber bundle is essentially a quick test, especially after the development of 

HVIs, and it is a quite good predictor of yarn strength. However, fiber bundle test has 

some drawbacks. For example, a bundle of fibers consisting of a large amount of fine and 

mature fibers may have higher bundle strength than a bundle of coarser and very mature 

fibers. It is likely due to the number of fibers participating in the fiber bundle test. Indeed, 

a bundle of coarse and very mature fibers has fewer fibers participating in the bundle test 

specimen and between-fiber frictions will be lower for this sample. 

There are three major instruments for measuring tensile properties of fiber 

bundles, namely Pressley, Stelometer, and High volume Instrument (HVI). Pressley tests 
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a flat bundle of parallel fibers, which is clamped between two sets of jaws. Two gauge 

lengths are commonly used, zero to 3.175 mm (1/8 inch). Then the fiber tenacity is 

determined through the measurement of tensile force and the mass of the broken fiber 

bundle. A force is exerted on the bundle through the displacement of a weight along and 

inclined plane until the breakage occurs. Therefore, if the specimens are not prepared 

with nearly identical weight every time, the results could be inconsistent. Fiber bundle 

test using the zero gauge length reports the maximum fiber bundle tensile strength 

achievable because the probability of the presence of a weak point at the point of rupture 

is very low. This is the reason why, a Presley test with a 3.17 mm gauge length is 

performed. However, very short fibers are less likely to participate in the specimen using 

this gauge length, which may cause bias in the strength measurements. Pressley results 

can be expressed in both pounds-per-square-inch or Pressley index. Another disadvantage 

of the Pressley is that it does not measure elongation. In general, since HVI bundle 

strength was initially calibrated at the Pressley 1/8 gauge level, good relationship is 

expected between the two instruments.  

Stelometer has two advantages over the Pressley. Firstly, it has a different design; 

secondly, it is able to measure fiber bundle elongation. The repeatability of the results 

from this machine is quite acceptable but it requires a well-trained technician in order to 

have consistent results. Stelometer utilizes the pendulum principle to measure bundle 

tensile properties. Its jaws are similar to the sets that had been used in Pressley. It 

functions based on the constant rate of loading with 3.17 mm gauge length (ASTM 

D2445).  
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Nowadays, fiber tenacity and breaking elongation can be measured quickly by 

HVI. Nevertheless, only tenacity is currently calibrated. It is manufactured by Uster© 

technologies and is designed to test cotton fibers in their unprocessed or raw form. The 

current HVI instrument uses a measurement principles similar to the one used with the 

Stelometer (constant rate of extension and 3.175 mm gauge length).  Nevertheless, the 

stress applied is more abrupt (7 second breaking time for Stelometer, against about 1 

second for HVI). HVI reports the fiber bundle tests results as the average tenacity of the 

sample. It uses an optical sensor and the micronaire to estimate the mass of the specimen. 

Viscoelastic Properties of Cotton Fibers 

Viscoelasticity of Polymers 

For elastic solids and viscous liquids, stress is always directly proportional to the 

strain (for small deformations) but independent of the rate of strain according to the 

Hook’s law and Newton’s laws respectively (Ferry, 1980). However, except for some 

idealized conditions, two categories which deviate from these laws have been observed. 

First category is the condition where the soft solids (easily deformable) are 

subjected to the strain test; their stress-strain relationship is very complicated. These 

deformations are called non-Hookean deformations. Equivalently, when undiluted 

uncrosslinked polymers or, generally, polymeric solution, are subjected to strain test, 

strong deviation from Newton’s law may be observed. This characteristic of these types 

of fluids is called non-Newtonian flow. 
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In the second category, the material (solid or liquid) may experience a behavior 

somewhere between elastic solid and viscous liquid (such as textile fibers). The stress-

strain relation of this class of materials tightly depends on the length of time in which 

stress or strain is applied to them. When they are subjected to sinusoidal stress (applying 

and removing the stress according to a certain period), they may store or recover portion 

of the received the energy and, complementarily, may dissipate portion of it as heat. 

Viscoelastic materials are type of materials which behave in this manner. As the name 

implies, the response of these materials to the external forces are intermediate between 

the behavior of an elastic solid and a viscous liquid. 

Usually the mechanical properties of textile fibers are measured at constant 

temperature and testing speed.  It is well documented that both of these variables has an 

impact on tensile properties of fibers (Morton & Hearle, 1993) (Warner, 1994). 

Viscoelasticity of Fibers (Creep and Stress Relaxation) 

By definition, creep is measuring the elongation or strain, with respect to time, 

while load is attached to the sample. Attachment of load will cause two different 

responses according to the nature of the viscoelastic material (Warner, 1994). They are 

the elastic response which occurs immediately after applying the load, and the viscous 

response which occurs smoothly and continuously when the time goes on. The applied 

load, the cross-sectional area of fibers, the modulus of materials, are all affecting 

parameters for elastic response. On the other side, the viscous response is a measure of a 

time dependent deformation. 
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In some other references, the term “creep recovery” was also used, which 

corresponds to the behavior of a fiber after the load removal. It has been stated that, after 

the load removal, recovery will take place immediately and will continue over a period of 

time. One may break down the total extension into three parts: the immediate elastic 

deformation (it is instantaneous and recoverable); the primary creep (this one is also 

recoverable); and the secondary creep, which is non-recoverable failure.  

In 1943, H. Leaderman has done an experiment on the creep properties of nylon 

and viscose1 fibers (Morton & Hearle, 1993). He used 280 mm (11 in.) gauge length in 

laboratory condition (65% r.h. and 21° C). Exactly after applying the force, the readings 

were made every 15 seconds for the first minute. After that, fiber extension was read in 

longer intervals, up to 24 h by the end of the experiments (1000 min). The applied 

stresses were comparably small because of two reasons. First, to guarantee that only 

primary creep occurs (Indeed, at low stress, it is reported that creep is due to 

rearrangement of localized polymer chains which can be recoverable. At higher stress, 

macromolecules slide past one another which are certainly non-recoverable deformation). 

Second, because it was stated that subsequent and slight application of load exhibits 

perfect recovery. 

It is reported that viscose fibers and acetate fibers show lower extension compared 

to the nylon. Nylon fibers, also, show higher primary extension compared to that of 

viscose and acetate. Viscose fibers, in contrast with the acetate fibers, show lower 

                                                           
1 Viscose fibers are regenerated cellulosic fibers. They have lower molecular orientation and degree 
of polymerization compared to the cotton fibers. Also, cotton fibers have more complicated 
microfibrillar structure. 
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tendency to elongate in the beginning of the experiment. However, they demonstrated 

higher final extension which means cellulosic fibers tends to have higher secondary 

creep. Thus, with more generalization, cellulosic fibers, such as cotton, usually have 

higher non-recoverable creep which corresponds to their low elasticity and higher 

viscosity.  This fact is also in accordance with what we expect from the cotton fiber 

stress-strain curve. Cotton fiber’s stress-strain curves show a nonlinear part (so-called 

elastic part) after the yield point which means that they have low elasticity characteristics 

as previously mentioned. 

In 1936, Steinberger studies the creep properties of American cotton (Steinberger, 

1936a) in order to compare its features with his previous research on cellulose acetate 

(Steinberger, 1936b) and cuprammonium rayon (Steinbercer, 1936) fibers. Actually, 

since the stress-strain curve of cotton fibers is almost linear to the point of rupture, so he 

had expected small creep properties for cotton fiber. In his test method, he cut off the 

ends of each fiber in order to reduce the variability of cross-section and fineness along 

the fiber. He has tested eleven fibers at different relative humidity from zero to 100. 

According to his results, smaller viscoelasticity properties at higher relative humidity are 

seen for cotton fibers, compared with less humid environment.  

Several structural features can affect the creep behavior of synthetic fibers 

(Warner, 1994). With increasing degree of polymerization, the molecular weight 

increases. With large molecular weight, the probabilities of having more crystalline 

regions will increase. Higher crystallinity provides lower elongation. Thus, the total 

creep, which is extension or elongation of fiber with constant load over time, will 



Texas Tech University, Farzad Hosseinali, August 2012 

15 
 

decrease. Basically, Cross-linking and molecular polarity have the same effect on creep 

behavior of fibers. That is, in both case the probability of formation of crystalline region 

will increase and, for the same reason, the fiber has lower tendency to elongate. 

For individual cotton fibers, theoretically, higher maturity level might lead to the 

higher creep. In other words, it can be expected that more mature cotton fibers have 

higher tensile properties (Chapter 3). Throughout several researches that has been done 

on the tensile force of individual fibers, positive correlation between elongation or 

extension and strength of fibers have been observed. This means that with increasing 

maturity level of fibers, the creep may increase. 

Several researchers have worked on the effects of humidity on creep properties of 

cellulosic fibers.  Steinberger has stated that the creep of cellulose acetate fibers increases 

at higher humidity. With increasing humidity, the water molecules moves into the 

amorphous regions of the fiber and will substitute weak Van Der Waals intra-molecular 

bonding with new hydrogen bonding. Consequently, polymeric chains may slide over 

each other and secondary creep, which is non-recoverable deformation, will take place. 

Stress relaxation describes how fibers relieve stress under constant strain. Since 

they are considered as a viscoelastic material, fibers are supposed to behave in a 

nonlinear, non-Hookean fashion. Typically, stress decreases gradually until it reaches the 

value close to zero. In other words, when the fiber is extended, an immediate stress will 

be observed but this gradually decreases as time passes. 
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While fiber is extended, two main processes are taking place. The first one is the 

deformation of configuration of chain macromolecules, so-called “chain-straitening”. The 

second one is changes in free energy. During stress relaxation, if small elongation or 

extension is applied to the sample, the chemical bonds may tolerate the stretching and 

demonstrate recoverable deformation. So, the tension will be recovered and reaches its 

equilibrium state. In real experiment, each bond has limiting extension beyond which it 

will break. For example, it is reported that the extensibility of van Der Waals or hydrogen 

bonds would be between 10% and 20%. 

For individual cotton fiber, even more difficulties may arise due to it variability 

and unique structure.  In cotton fiber, as a natural bioproduct, polymer chains are not 

oriented along the fiber axis. Also, polymer chains have different degree of 

polymerization; therefore, they have different lengths and different molecular weights. 

Cotton fibers are hygroscopic materials. Any adsorption or absorption of water changes 

the release of free energy from the structure. Moreover, cotton fibers most of the time has 

irrecoverable deformation. 
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CHAPTER II 

WITHIN-SAMPLE INVESTIGATION ON TENSILE PROPERTIES OF INDIVIDUAL 

COTTON FIBERS 

Introduction 

Texas is the largest producer of cotton in the United States (Figure 2). The textile 

industry is the major consumer of cotton fibers. However, in the United States, this 

industry is facing challenges that resulted in a significant decrease of the domestic 

production of textile products. Therefore, cotton produced in Texas High Plains is being 

exported to eastern Asian countries such as the Republic of China (Figure 3). 

Intuitively we know that cotton fiber quality parameters should be the best 

predictors of yarn quality. Hence, the quality of cotton fibers needs to be improved 

according to the type of spinning systems with which it has to be spun. The two dominant 

spinning technologies, i.e. ring and open-end spinning, share the vast majority of the 

market. However, in Asia, the main market for West Texas cotton, ring spinning is really 

dominant (Table 1). Studies on the relationships between the Texas High Plains cotton 

fiber quality parameters and the physical properties of ring spun yarns revealed that 

stronger and finer fibers could be spun into finer yarns. Therefore, it is of the utmost 

importance for spinners and the textile industry to acquire a better understanding of the 

variability of fineness and individual fiber tensile force among fibers (within-sample of 

raw material). 
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In the first section of this study, the variability of individual fiber tensile force 

within-sample is explored and its relationships with other fiber properties such as length 

and maturity are examined. While extensive research has been done on the tensile 

properties of single fibers(A. R. Bunsell (Editor), 2009)(Grant & Morlier, 1948)(Morlier 

et al., 1951)(Liu, 2005)(Hsieh et al., 2000)(Foulk & McAlister, 2002), little information 

is available on the relationship between strength and length of individual fibers within-

sample. Grant et al. have studied the strength of single cotton fibers among four varieties 

of American Upland cotton(Grant & Morlier, 1948)(Morlier et al., 1951). They showed 

that long cotton fibers, within-sample, not only have higher force-to-break and tenacity 

on average, but also have higher elongation. 

Despite the fact that the individual fiber tensile force is the best indicator of its 

propensity-to-break during textile processing, this property cannot be measured and 

analyzed with much ease and precision with the current fiber quality testing machineries 

and techniques. One possible solution to solve this problem would be the indirect 

interpretation or estimation of this property from the dimensional properties of cotton 

fibers, such as maturity and length (which can be measured rapidly and fairly accurately). 

This idea stems from the fact that inferior tensile properties lead to a poor fiber length 

distribution, increased short fiber content, and yarn quality. It is our objective to explore 

the possibility of interpreting the data pertaining to individual fiber strength from length 

measurements through within-sample relationship between length and strength of 

individual cotton fibers. We hypothesize that, due to the harsh nature of the mechanical 
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procedures through which cotton is harvested and ginned, immature and dead fibers tend 

to break into smaller segments. 

In the second section of this study, we aim to investigate the relationships 

between fineness and other physical properties of cotton fibers, especially tensile force 

and length. In fact, variations of fineness between samples are being used to identify and 

differentiate between raw materials obtained from different sources. However, variations 

of fineness within-sample have not yet been well-studied. Generally, fineness can be 

estimated and measured through the vibroscope method (Montgomery & Milloway, 

1952), weighing the cut length bundle (Morton & Hearle, 1993), optical method (such as 

Advanced Fiber Information System (AFIS) and Cottonscan (Abbott et al., 2009)), and 

air flow (such as micronaire (Montalvo Jr, 2005)).  

In the same section, a similar type of investigation is performed to examine the 

relationships between maturity (Raes & Verschraege, 1981) (Hequet, Wyatt, Abidi, & 

Thibodeaux, 2006) and other physical properties of cotton fibers. In addition to the 

caustic swelling test, in which whole fibers are swollen in 18% caustic soda and 

examined under the light microscope, the polarized light test, infrared spectroscopy 

(Abidi, Cabrales, & Hequet, 2009), and image analysis (Hequet et al., 2006) are some 

other methods for measuring maturity. In this study, AFIS Pro-2 is used to measure the 

fineness and maturity of single cotton fibers sorted into different length groups. AFIS 

provides reliable and replicable measurements of length distribution of cotton fibers in a 

few minutes. Also, The FAVIMAT (Textechno Herbert Stein GmbH. & Co.), a low 
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volume tester of individual fiber tensile properties, is utilized to measure the tensile 

strength of different cotton fiber samples sorted into different length groups.  

Materials and Methods 

Among a hundred and four reference cottons (Hequet et al., 2006), six samples 

are selected according to their maturity, fineness, and length. Each sample is sorted 

according to their length groups using the array method, ASTM No. 1440 (Table 2). At 

least one hundred fibers from each length group are subjected to a tensile strength test at 

3.17 mm gauge length (Figure 4) using the FAVIMAT. This gauge length was chosen 

because this is the minimum length in which there is a strong probability of having at 

least one weak point along the fiber length. The same gauge length is also used in 

Presley, Stelometer, and HVI. FAVIMAT provides traditional single fiber data such as 

tensile strength and percentage of elongation at a constant rate of extension in addition of 

other physical parameters such as crimp, tenacity, linear density, and work to rupture. 

Since bivariate distributions of force-to-break and linear density of individual fibers is of 

interest as well, the tensile properties and fineness of the fibers are also measured using a 

10 mm gauge length (minimum gauge length to obtain a fineness reading with the 

FAVIMAT). To measure fineness and maturity at different length intervals, slivers of 

cotton from each sample are run through the AFIS Pro-2. The advanced fiber information 

system measures several dimensional properties of cotton fibers; among them are fiber 

fineness and maturity ratio. The principle of operation is that, before performing fibers 

length, maturity, and fineness measurement test with the aid of two optical sensors, the 
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fiber individualizer opens and separates the sample into individual fibers. Fiber fineness 

is being expressed in millitex. 

Results and Discussion 

Cotton fibers are not homogeneous in their physical properties and dimensions. 

Their length, maturity, diameter, and fineness may vary from fiber to fiber. This 

variability is biological in origin and, as of now, there is no practicable way of preventing 

it. The best we can do is to use varieties, growing practices, harvesting, ginning and 

marketing procedures that will keep this variation at a minimum. 

Length distributions of the six cotton samples are shown in Figure 5. Fiber 

processing machineries are intended to function effectively only on a relatively narrow 

range of staple length. The length properties of a sample of cotton fibers are usually being 

described using various statistical parameters that define the dispersion features of the 

length distribution, such as mean values, mode, standard deviation, CV%, percentiles, 

etc. However, because of the unique and complex shape of cotton fiber length 

distributions, these statistical parameters do not represent all of the features of the 

distribution. The length distribution of processed cotton fibers often shows bimodality. 

The length distribution results reveal that almost all cotton fiber samples exhibit a local 

peak in the range of short fibers (less than 12.7 mm). In addition to the very short fibers 

fragment peak, almost all samples show a second distinct mode towards the longer fibers 

with a dip between the two peaks. The length distribution of sample number 3187, 
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however, does not present a sharp longer fibers peak; the only noticeable sharp peak for 

this sample is located roughly at 3.2 mm. 

To analyze the relationship between length and strength within-sample and check 

the possibility of extracting fiber strength information from the length distribution data, 

the origin of the local peak corresponding to the short fibers needs to be understood and 

clarified. We believe that within a sample of processed cotton fibers, short fibers may be 

either native short fibers or short fibers caused by the breakage of longer immature fibers. 

Naturally shorter fibers are those whose final length (after fiber development is 

complete) is below the average. A few days after anthesis, relatively small rounded 

epidermal cells can be seen above the formerly smooth ovule epidermal surface (Gordon 

& Hsieh, 2007). According to physiological and biochemical factors, about one out of 

every four epidermal cells will become fiber cells. In the next step, known as the 

elongation phase, the cells expand longitudinally to reach their final length which could 

be few centimeters. After almost 21-35 days, the final length of the fiber is fixed. The 

outer layer of a cotton fiber is the primary cell wall which is coated by a waxy layer 

(known as cuticle). The Primary cell-wall polymer structure is an interwoven network of 

carbohydrate and protein macromolecules. Any variation in environmental conditions can 

interrupt primary cell wall elongation and reduce the final length of the fibers. This may 

result in naturally short fibers. Then, regardless of the fiber length, the fibers will be filled 

with secondary cell wall micro-fibrils which are mostly crystalline pure cellulose. 

Environmental conditions have a large impact on secondary cell wall deposition; 

therefore, naturally short fibers can be mature or immature fibers. 
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Short fibers due to breakage of longer fibers may be another origin of the local 

peak corresponding to short fibers. It is reported that the fragility of the fibers might be 

related to the maturity level, length, fineness, micro-fibrils angle, cross-sectional area, 

crystallinity of cellulose chains, moisture content, and reversals. However, since 

gravimetric fineness (linear density) is a function of both fiber diameter and secondary 

cell wall thickness, it is believed that linear density is the dominant factor. Therefore the 

linear density should affect the force-to-break of individual fibers within-sample. The 

bivariate distribution of force-to-break versus gravimetric fineness (reported by 

FAVIMAT using the vibroscope method) of long cotton fibers has been plotted in Figure 

6. Cotton fibers with low linear density appear to be weaker and can, potentially, be 

broken into smaller fragments during the ginning process. Therefore, unlike the naturally 

short fibers, the short fiber content resulting from the ginning process depends on 

secondary cell wall micro-fibrils formation and development. 

Thus, the origin of a local peak in the range of short fibers (less than 1.2 cm) can 

be either naturally short fibers or short immature broken fibers which had been long 

immature fibers before harvesting and ginning processes. In other words, a part of this is 

due to the biological factors that might affect the growth and maturity of cotton fibers, 

and a part is caused by fiber breakage during mechanical processing. To reinforce this 

concept, force-to-break distributions of short fibers (length groups 9 and 11) versus 

longer fibers (length groups 13, 15, 17, 19, 21, and 23) of samples 3175 and 3187 are 

shown in figure 7.  Force-to-break distribution of short cotton fibers is different from that 

of long fibers and is skewed to the right. The same trend is seen for the rest of the 
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samples. This shows that weak fibers are more frequent and more likely to be observed in 

shorter length intervals. As we can see in Figure 6, these weak fibers have very low linear 

density as well. 

The graph of length versus force-to-break of cotton fibers has been plotted for 

each sample (Figure 8). The tensile strength results for all samples show that, within-

sample, short cotton fibers are on average weaker. 

In order to support our hypothesis, the within-sample relationship of maturity and 

length, and also, fineness and length has been examined (Figure 9). Gravimetric fineness 

affects fabric physical properties and limits the count to which a raw material can be 

spun. For example, resistance to torsion and resistance to bending are higher for coarse 

fibers. For cotton with very fine fibers, more fibers are incorporated into the cross section 

of the yarn. As a result, for a given count, the spun yarn will have higher specific surface 

area, better strength and more uniformity. If it is made of finer fibers, for the same 

reason, light reflection will be greater on the fabric surface which will lead to better 

luster. Also, the finer the fibers incorporated in a yarn, the smaller the time required to 

exhaust a dye bath (Morton & Hearle, 1993). The maturity of cotton fibers significantly 

affects the strength and dyeability of them (Smith, 1991). Immature cottons tend to dye 

non-uniformly, and result in large processing wastes and large numbers of ends-down in 

spinning and weaving. This causes faults and decreases in productivity. 

The graphs of length versus maturity and fineness are shown (Figure 9). The 

maturity and fineness results for all samples show that, within a sample, shorter fibers are 
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both finer and less mature on average. According to AFIS gravimetric fineness and 

maturity ratio measurements on one hand, and FAVIMAT force-to-break measurements 

on the other, it can be concluded that short cotton fibers are less mature, weak and have 

low linear density on average. According to the bivariate distribution of force-to-break 

and gravimetric fineness of long cotton fibers in Figure 6, which shows fibers with low 

linear density to be weaker, one may say that the short fiber content of processed and 

ginned cotton fibers are basically the result of breakage of long fibers with low linear 

density. From the microstructural point of view, it can be hypothesize that these fibers 

have on average either wide diameter and small amount of secondary cell wall (flat 

ribbon-like structure), which is a very likely scenario, or small diameter with bean shape 

to circular shape cross-section (narrow tube-like structure). 

Since immature fibers may have shorter maturation period during their 

development, cellulosic macromolecules within this type of fibers have less chance of 

interacting and establishing intermolecular hydrogen bonds between each other.  In fact, 

cellulose macromolecules are strengthened and crystalized by hydrogen bonds. Thus, it 

can be interpreted from the Figures 9 and 8 that cellulosic noncrystalline regions are more 

abundant in the internal structure of short cotton fibers, although further investigations on 

internal structure of short cotton fibers are necessary.
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CHAPTER III 

BETWEEN-SAMPLE INVESTIGATION ON TENSILE PROPERTIES OF 

INDIVIDUAL FIBERS 

Introduction 

In the United States, the textile industry is facing major challenges that led to 

noticeable changes of raw cotton trade flow. Texas, the largest producer of cotton in the 

United States (Figure 2), now has to export cotton produced in the High Plains to East 

Asian countries such as China (Figure 3). Among two leading spinning technologies, i.e. 

ring and open-end spinning, the former is the dominant system of spinning in China 

(Table.1). Evidently, the quality of cotton fibers needs to be improved according to the 

type of spinning systems with which it is going to be spun. Table 3 shows the comparison 

between the base levels for different fiber properties both for the US and international 

markets. As it can be seen, compared with international requirements, the base level for 

strength in the United States is set too low. 

Tensile strength of cotton fibers is important at various stages of processing such 

as ginning, spinning and weaving. Inferior tensile properties lead to poor fiber length 

distribution, increased short fiber content, poor yarn quality, lower fabric appearance and 

low productivity. Studies on the relationships between cotton fiber quality measurements 

and physical properties of ring spun yarn revealed that longer and stronger cotton fibers 

can be spun into finer yarns (Morton & Hearle, 1993). This can be explained by the fact 
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that stronger fibers can withstand mechanical stress better; also, longer fibers provide 

better friction between the fibers within the structure of a spun yarn. The relative ranking 

of each physical property of cotton fibers for ring and cotton spun yarns are shown in 

Table 4. Therefore, not only to meet international cotton market requirement, but also to 

supply stronger cotton fibers for ring spinning machineries, it is of the utmost importance 

to acquire better understanding of tensile properties of cotton fibers. 

The necessity of having a precise measurement of cotton fiber tensile strength for 

both cotton producers and yarn spinners is bringing tensile strength testing machineries 

into considerable prominence. For this reason, in the first section of this study, we aim to 

compare the two most common methods of testing fiber tensile strength, namely 

individual fiber and fiber bundle tests. 

The transmission of strength characteristics from individual fibers to a bundle of 

fibers is well-studied through statistical theories, which work with different variables 

describing various individual fibers and fiber bundle properties; Pierce (Peirce, 1926) 

pointed out that the tenacity of a simple parallel array of filaments is not always equal to 

the average tenacity exhibited by the constituent filaments when they are tested 

individually. Daniels` work (Daniels, 1945)overlapped with Peirce’s studies but the 

probability distribution of strength, which was absent in Peirce’s model, is taken into 

account in Daniels’s study. Coleman (B. Coleman, 1958) (B. D. Coleman, 1957) drew on 

the theory of breaking kinetics to develop a method for measuring the correlation 

between the strength of fiber bundles and that of individual fibers when the strength of 

fibers depends on the speed of test. Phoenix has published several papers about the 
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probabilistic analysis of the strength of fiber bundle structures (S. Phoenix, 1975)(S. L. 

Phoenix, 1979)(S. Leigh Phoenix & Taylor, 1973). He developed a statistical model for 

the strength of fiber bundles when the number of fibers within a bundle is linearly related 

to the strength. In a more recent work, he has tried to modify Daniels’ model by 

introducing an inter-fiber dependence factor, a bundle twist factor, and a geometric 

arrangement factor. Unfortunately, in all of the mentioned studies, numerous simplifying 

assumptions regarding the fiber structure make these models most useful for synthetic 

fibers. 

On the other hand, very limited empirical studies have been done to investigate 

the relationship between the tensile properties of individual fibers and that of the fiber 

bundle. These studies have shown good relationship between average fiber bundle 

tenacity and average individual fibers tenacity. Orr et al. report such a relationship 

between six cotton samples of different varieties (Orr, Weiss, & Grant, 1955). Virgin and 

Wakeham correlate the average tensile stress and tensile force of unprocessed individual 

fibers with the average fiber bundle tenacity of sixteen cotton samples of different 

varieties (Virgin & Wakeham, 1956). They do not report a good relationship between 

average tensile force of individual fibers and average fiber bundle tenacity (R2=0.02). 

However, they found good correlation (R2=0.785) between the mean tensile stress of 

individual fibers with the mean fiber bundle tenacity when the gauge length of five 

millimeter is being used for testing fiber bundle strength. The same trend between 

individual fiber tenacity and fiber bundle tenacity of six cotton samples was observed by 

Rebenfeld as well (Rebenfeld, 1958). 
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In the second section of this study we follow two objectives. On one hand, since 

individual fiber tensile force and other properties of cotton fibers are interrelated, we are 

interested in finding the best predictors of individual cotton fibers’ tensile force using 

step-wise multiple regression. On the other hand, a multiple regression analysis model 

will be built and the regression equation will be calculated based on the selected 

predictors. Few studies have been published on this subject and almost all of them have 

applied the simple linear regression approach. The simple regression approach allows 

studying the relationship between one independent parameter, such as maturity, and 

another dependent parameter such as tensile force. Such a simple regression method may 

not be applicable in predicting the behavior of natural fibers where complex relationships 

exist among their physical properties. The general purpose of multiple regression is to 

learn more about the relationship between several independent or predictor variables and 

a dependent variable. For example, in a case of different fibers with the same diameter, 

the force-to-break can be influenced by maturity as well as the internal structure of the 

cotton fibers; therefore, simple linear regression cannot be applied because we had more 

than one variable to predict tensile force.  

Simple linear regression has been applied in previous studies. Foulk et al. tested 

the individual fiber tensile properties of three cotton samples with different micronaire 

values of 3.7, 4.3, and 5.4 (Foulk & Mcalister, 2002). They show that the mean tensile 

force of individual fibers increase significantly with increasing micronaire. Since the 

same trend is seen between micronaire and mean fineness, and also between micronaire 

and mean elongation (measured by FAVIMAT), they concluded that elongation and 
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fineness can both be used as predictors of tensile force of individual fibers. Rebenfeld 

and Virgin analyze the relationship between the degree of orientation of cellulosic chains, 

as measured by an X-ray angle, and individual fiber tensile stress (Rebenfeld & Virgin, 

1957). Their results do not show any relationship between degree of orientation of 

cellulosic chains and individual fiber tensile stress. However, Meredith reports significant 

correlation between degree of orientation cellulosic chains, as measured by optical 

anisotropy, and elastic modulus of individual cotton fibers (R. Meredith, 1946). In this 

study, the multiple linear regression method was applied to determine which of the 

influencing parameters are statistically significant and, also, to predict the force-to-break 

from these parameters. 

Materials and Methods 

Sampling and Conditioning 

Fiber bundle tenacity, single fiber tensile force, fineness, and maturity (theta) of one 

hundred and four reference cottons, mostly consisting of Upland varieties, have been 

measured in this study (Hequet et al., 2006). These cottons are quite diverse in their 

physical properties. Representative subsamples of each cotton bale were prepared 

according to International Cotton Calibration Standard Committee standard preparation 

protocol. Prior to testing, all of the cotton samples were conditioned for at least 48 hours 

at 65 ± 2% relative humidity (RH) and 21 ± 1°C. 
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Bundle Strength Measurements 

High Volume Instrument (HVI) is used in this study to measure the fiber bundle tenacity. 

HVI performs the fiber bundle tenacity test on the same specimen as the one used for the 

length measurement. In fact, after the length measurement test, the specimen is 

repositioned; it is clamped between the two jaws (the gauge length is 0.3175 

centimeters); then, the specimen is submitted to the tensile test with in constant rate of 

elongation. With the assumption that the linear density is constant across length groups, 

HVI estimates the mass of the specimen using optical sensor and micronaire. The tenacity 

measurement is expressed as grams force (gf) per tex. 

Maturity and Perimeter Measurements 

Fiber cross sections were performed according to the protocol reported before (Hequet et 

al., 2006). Briefly, a small sliver of cotton fibers is mounted into a plastic tube. Fiber 

samples were embedded with a methacrylate polymer to be hold in position. Fibers are 

cross sectioned (one micron thick cross sections). Then microscopic slides are prepared 

after dissolving the methacrylate polymer from the sample. The images are viewed with a 

microscope and analyzed by the FIAS software. More than eight thousands fibers were 

tested for each sample. 

Individual fiber tensile measurements  

FAVIMAT, an individual fiber tensile tester, measures the tensile properties of textile 

fibers at a constant rate of elongation. One hundred and fifty cotton fibers were tested for 
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each replication using ten millimeter gauge length.  In total, three replications were done 

on each cotton sample. This gauge (10 mm) was used because this is the minimum gauge 

length in which FAVIMAT can measure the linear density using the vibroscope method. 

Statistical Approach 

When several independent variables are needed to predict a dependent variable, 

multiple linear regression may be used.  Independent contribution of each predictor 

variable to the prediction of the dependent variable is determined by a regression 

coefficient, known as b coefficients, or partial correlation. That is, the b coefficient 

measures the changes in the mean value of y after controlling for all other independent 

variables. One can say that if a b coefficient of a specific variable is positive, then its 

relationship with a dependent variable is positive and vice versa. 

Two multiple regression analysis methods, i.e. the multiple stepwise regression 

analysis (for obtaining the significant predictor variables) and the standard multiple 

regression analysis (for predicting the average tensile force of individual fibers), were 

applied in this study. Both multiple regression analyses were executed by the statistic 

program, STATISTICA, while the outcome variable y is tensile force and the xi variables 

are theta, perimeter, and individual fiber elongation. It is clear that none of these 

predictors is redundant with another predictor. 

In the first analysis, regression equation with all of the independent variables was 

computed and insignificant variables were removed from the equation based on T-values 

(defined as the coefficient bi divided by its standard error) and P-value (the probability of 
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the sample result obtained by a null hypothesis testing). The main goal of performing 

multiple stepwise regression analysis is to know how much each independent variable 

affects the dependent variable. In the second analysis, standard linear regression is 

performed with the purpose of developing a model as a predictive instrument. After 

checking the capability of the model according to the value of R2, the model is used to 

compare the predicted values of tensile force versus the observed value. 

The multiple linear regression analysis is based on certain assumptions. First of 

all, it is assumed that the relationship between the variables is linear, as its name implies. 

However, minor deviations from this assumption do not influence the multiple regression 

analysis significantly. Secondly, it is assumed that the residuals (observed values minus 

the predicted values) follow a normal distribution. In order to check whether gross 

violations from this assumption have occurred, the normal probability plot of the 

residuals is plotted. In this plot, the y-axis represents standard values of the normal 

distribution (z values) which are computed from the rank ordered residuals. The x-axis 

represents the observed residuals. If these observed residuals are normally distributed, 

then all values should fall onto a straight line in the plot, in which case the assumption of 

normality would be valid. 

Results and discussion 

Examination and evaluation of tensile properties of cotton fibers serves multiple 

purposes. By using these properties in their analysis, textile engineers estimate the 

performance of raw materials during ginning, spinning and weaving procedures. It is also 
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used, in combination with other cotton fiber properties, to predict the tensile properties of 

spun yarns or woven textiles. Fiber bundle tensile tests satisfy the former objective 

because of their relationships with tensile properties of yarn. This good, but not perfect, 

relationship can be expected because both yarn and fiber bundle consist of assemblies of 

fibers. In assemblies of parallel fibers factors such as the degree of fiber to fiber 

interactions (mostly dependent on fiber length distribution), and twist contribute to fiber 

bundle strength. However, we hypothesize that fiber bundle tensile properties are not 

functional predictors of the performance of cotton fibers during ginning and spinning 

preparation where mechanical forces are exerted on individual or small tufts of fibers. In 

these cases, the individual fiber tensile properties would be a more valuable source of 

information to estimate how much force would be necessary to separate fibers from seeds 

(or remove foreign matters from the cotton fibers) while keeping the damage to cotton 

fibers to a minimum. 

Figure 10 shows the average relationships between fiber bundle tenacity and 

individual fiber tenacity, on one hand, and fiber bundle tenacity and individual fiber 

tensile force on the other, among104 cotton samples. Our results indicate a good 

relationship between fiber bundle tenacity and individual fiber tenacity (Figure 10a). The 

deviation from a perfect relationship can be explained by the complex relationship among 

physical properties which exist in the fiber bundle tensile strength tests (as discussed 

before) which do not affect individual fiber tensile strength tests. In addition, this 

variation can be attributed to the differences between the HVI and FAVIMAT approaches 

to mass estimation. FAVIMAT utilizes the vibroscope method to evaluate the linear 
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density while HVI takes advantage of on optical sensor and the micronaire to 

approximate the mass. 

Figure 10b shows the relationship between fiber bundle tenacity and average 

individual fiber tensile force on 104 cotton samples, i.e. bundle and individual fiber 

tenacities (Figure 10a).  The correlation coefficient is lower than the one observed 

between the two tenacities. This decrease is likely due to the non mass-normalize tensile 

force for individual fiber tensile forces. To illustrate  that, Figure 10c shows four cotton 

samples among the 104 cotton samples with the same fiber bundle tenacity but different 

distribution and average individual fiber tensile forces. The complexity of the 

relationships between fibers physical properties and their effects on the tensile force can 

be clearly observed. Indeed these samples have not only dissimilar individual force 

distributions, but also different average maturity ratios. Nevertheless this leads to 

identical bundle tenacity. 

As already mentioned, the performance of cotton fibers during fiber processing is 

of the utmost importance. In order to estimate the degree of fiber damage during fiber 

processing, the individual fibers’ propensity-to-break has to be known; this fiber property 

is the measurement of the force to break (regardless of its mass or bulkiness). According 

to this definition, individual fiber tensile force is a better indicator of the propensity-to-

break of cotton fibers during cotton processing than bundle tenacity. In other words, fiber 

bundle tenacity, reported by HVI, may not be an ideal indicator of the performance of 

cotton fibers during ginning and carding processes. We think it is necessary for textile 
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engineers to either perform individual fiber tests on raw materials, or derive this 

information from other physical properties of cotton fibers. 

In the second part of this study we aim to learn about the most significant physical 

properties which are influencing the tensile force of individual fibers, known as 

predictors. Also, a model will be constructed to predict an average tensile force of 

individual fibers with the aid of these predictors. Predictors are selected based on their 

capability of representing the internal structure of cotton fibers. 

Put concisely, cotton fiber consists of mainly cellulose macromolecules. The 

extent of intermolecular and intramolecular hydrogen bonding between the cellulosic 

chains (which results in fibrillar and crystalline structure containing compact polymers) is 

the main indicator of the tensile strength of mature cotton fibers. Ideally, analytical 

testing methods, such as X-ray diffraction and infrared spectroscopy, can be utilized to 

measure the amount of cellulose and hydrogen bonds between them per each fiber 

precisely. However, carrying out these tests on individual fibers is quite tedious and time-

consuming with currently available instruments. Therefore, performing these analytical 

tests is not possible in this study where a very large number of fibers were analyzed for 

each sample. Therefore, the area of fiber cross-section is used to describe the quantity of 

cellulose within each fiber, and theta is assumed to be related to the cellulose 

organization, higher is the theta better is the cellulose organization. This because we 

assume that mature fibers had probably experienced a longer maturation period during 

their development. Thereby, cellulosic chains have more opportunity to get organized and 

chemically bond together. In addition, elongation is used as a substitute for the amount of 
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non-crystalline regions within a cotton fiber. In fact, it has been reported that the 

elongation of fibers is due to the deformation in non-crystalline (amorphous) regions 

where polymeric chains have more freedom to move because of their low level of 

hydrogen bonding. The relationships between all these variables and tensile forces of 

individual fibers are plotted in Figure 11. Table 5 shows the correlation matrix among 

these fiber properties.  

Tables 6 and 7 show the multiple linear stepwise regression analysis results. If P-

value < 0.05 and T-value > 2 for the predictor variables, then these variables are 

statistically significant, and the corresponding explanatory predictor variables exert 

independent effects on the dependent variable, in this case tensile force. The results of the 

first step show that, among the three variables, the independent variable area does not 

have a significant influence on the prediction of the average tensile force of individual 

fibers. One hypothesis to explain this observation is that the organization of cellulosic 

chains has more prominence in developing strong fibers than the quantity of cellulose. 

That is, a cotton fiber with smaller diameter and higher crystallinity is more than likely 

stronger than one with larger diameter and lower crystallinity, given that the maturity is 

reflective of the organization of cellulose within a fiber structure. In the second step, the 

independent variable area is removed from the calculation because of its statistically 

insignificant influence on the prediction of average tensile force (Tables 8 and 9). On the 

other hand, theta and elongation are reported as significant predictor variables. Thus, 

based on the assumption that elongation and theta are representative of amorphous and 

crystalline regions respectively, one may say that the combined contribution of these 
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structural features in predicting the average tensile force of a sample of fibers is 

significantly more than the quantity of cellulose within a fiber. 

A model is developed here according to the multiple linear regression analysis. 

The significant independent variables are considered for building this model. In general, 

the R2 value is an indicator of how well the model fits the data. For a valid prediction, 

variability of the residual values around the regression line relative to the overall 

variability has to be small. This ratio falls somewhere between zero and one.  If 

predictors and dependent variables are perfectly related, there is no residual variance. 

Consequently, the ratio of variance is zero.  One minus this ratio is referred to as R2 or the 

coefficient of determination. However, bioproducts such as cotton fibers are not perfectly 

predictable. There is always a substantial variation of the observed points around the 

regression line. Preferably, we would like to describe most of the variability. In this 

study, predictors can explain almost sixty five percent of the variability. Therefore, using 

the b coefficients from Table 9, the prediction equation is as follow: 

y = 0.067 + 6.655 (theta) + 0.180 (elongation) 

In order to identify violations from the assumption of normal distribution of 

residuals, the normal probability of residuals is plotted (Figure 12). In this plot, all points 

follow the line closely and only small deviations from the line can be seen. As already 

mentioned, minor deviations from this assumption do not influence multiple regression 

analysis significantly.  
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Figure 13 plots the predicted values of the average tensile force of different cotton 

samples versus the observed value. We hypothesize that the deviation of this model from 

the R2 of one can be explained by the presence of weak points (convolutions, reversals or 

any structural defects) along the cotton filer length. According to the weak link effect 

theory, if we were able to determine the strength at every point along the fiber axis, after 

applying gradual increasing load, it will break at its weakest point. Therefore, as the 

gauge length is increased, the average observed tensile force of a fiber decreases. The 

reason is simply that weak points have higher probability of existence at wider gauge 

lengths. According to this effect, the decrease in average tensile force has to be more 

rapid for irregular fibers such as cotton fibers than for regular fibers such as man-made 

fibers. In this study, a ten millimeter gauge length is used to measure tensile properties; 

so the probability of a weak spot occurring is very high. Therefore, although the internal 

structure of cotton fiber may explain almost two-thirds of the variability of tensile force, 

we hypothesize that the final tensile force of a cotton fiber is also determined by the 

probability of occurrence of weak points. We think the weak points along the fiber 

length, and the strength of these need to be characterized for future attempts at modeling 

and simulating the tensile properties of cotton fibers. 
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CHAPTER IV 

CONCLUSION 

After a brief introduction about the tensile properties of textile fibers in the first 

chapter, the relationships between individual cotton fiber tensile properties and their 

length, maturity, and fineness, within-sample were investigated in the second chapter. It 

was observed in all samples that, within-sample, short cotton fibers are on average 

weaker, less mature, and finer. According to the tensile force and linear density bivariate 

distributions, it can be concluded that throughout mechanical processing, the least mature 

longer cotton fibers may be broken into shorter fibers. In the third chapter, we compared 

two common methods of testing fiber tensile strength, namely individual fiber and fiber 

bundle tests. The results indicates that fiber bundle tensile properties are not functional 

predictors of the performance of cotton fibers during ginning and spinning preparation 

where mechanical forces are exerted on individual or small tufts of fibers. Also, the best 

predictors of individual cotton fibers’ tensile force were identified using regression 

techniques. If we assume that the area of fiber cross-section describes the cellulose 

organization and elongation explains the amount of non-crystalline regions within a 

cotton fiber, according to the multiple regression results, almost two-thirds of the 

variability observed for the average tensile force of individual cotton fibers can be 

explained by these two variables. We think that the rest of variability can be explained by 

the presence of weak points (convolutions, reversals or any structural defects) along the 

cotton filer length.  
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APPENDIX A 

TABLES 

Table 1 - Installed spinning capacities in Republic of China (Source: The International 
Textile Manufacturers Federation) in 1000 spindles or rotors 

Year Ring  Open-End 
1984 22,000 100 
1994 41,585 550 
2004 67,000 1,160 
2007 99,000 2,037 
2009 110,000 2,198 
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Table 2 - The lower limits of each length group for the Array method 

Length group Lower limit [in] Lower Limit [cm] 
23 1.375 3.5 
21 1.25 3.2 
19 1.125 2.9 
17 1 2.5 
15 0.75 1.9 
13 0.625 1.6 
11 0.5 1.3 
9 0.375 1 
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Table 3 – Base level for different fiber properties 

 USA International Market 
Staple 34 35 

Tenacity 26 28 
Micronaire 3.5-4.9 3.8-4.6 

UI% 80-82 82-83 
Color 41 31 
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Table 4 - The rankings of cotton quality parameters for two most common spinning 
technologies 

Rankings Open-end spinning Ring Spinning 
1 Strength Length 
2 Fineness Strength 
3 Length Fineness 
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Table 5 - Correlation values between dependent and independent variables 

 Area [micrometer] Theta Elongation [%] Tensile Force [cN] 
Area [micrometer]  0.3499 0.2247 0.4158 

  p=.000 p=.022 p=.000 
Theta 0.3499  -0.1123 0.6558 

 p=.000  p=.257 p=.000 
Elongation [%] 0.2247 -0.1123  0.4055 

 p=.022 p=.257  p=.000 
Tensile Force [cN] 0.4158 0.6558 0.4055  

 p=.000 p=.000 p=.000  
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Table 6 – Multiple R2
 results for the first step of stepwise multiple regression analysis 

 Value 
Multiple R 0.816 
Multiple R² 0.667 
Adjusted R² 0.657 

F(3,100) 66.707 
P 9.01 E-24 

Std.Err. of Estimate 0.299 
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Table 7 – Regression summary for the first step of stepwise multiple regression analysis 

 b* Std.Err. – of b* b Std.Err. – of b t(100) p-value 
Intercept   -0.123 0.38 -0.324 0.746 

Area [micrometer] 0.072 0.064 0.003 0.003 1.123 0.264 
Theta 0.683 0.063 6.398 0.59 10.837 ~0.000 

Elongation [%] 0.466 0.061 0.173 0.022 7.699 ~0.000 
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Table 8 - Multiple R2 results for the second step of stepwise multiple regression analysis 

 Value 
Multiple R 0.814 
Multiple R² 0.663 
Adjusted R² 0.656 

F(2,101) 99.172 
P 1.48E-24 

Std.Err. of Estimate 0.299 
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Table 9 - Regression summary for the second step of stepwise multiple regression 
analysis 

 b* Std.Err. - of b* b Std.Err. - of b t(101) p-value 
Intercept   0.067 0.34 0.19728 0.844 

Theta 0.71 0.058 6.655 0.544 12.21163 ~0.000 
Elongation [%] 0.485 0.058 0.18 0.021 8.34229 ~0.000 
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APPENDIX B 

FIGURES 

 
Figure 1 - Typical stress-strain curve of textile fibers (Morton & Hearle, 1993) 
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Figure 2 - Cotton production in the top three producing states (Source: National Cotton 

Council)
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Figure 3 - US cotton production, mill use, and exports (Source: United States Department 

of Agriculture – National Agricultural Statistics Service)
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Figure 4 - FAVIMAT (Textechno Herbert Stein GmbH. & Co.) is used in this 

investigation, to measure the tensile strength of different cotton fibers samples. 
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Figure 5 - length distributions of all six cottons 
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Figure 6 - These graphs show the tensile force and linear density bivariate distributions of 

four samples (3119, 3175, 3215, and 3178). The dotted horizontal line represents the 

boundary of very low linear density at 130 mtex. Both variables were measured by 

FAVIMAT using 10 mm gauge length 
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Figure 7 - These graphs demonstrate the force-to-break distributions of individual short 

cotton fibers (length groups 9 and 11) versus individual long cotton fibers (length groups 

13 and longer) of two samples 3187 and 3175. The force-to-break of these length groups 

was measured by FAVIMAT using 3.17 mm gauge length.
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Figure 8 - Average tensile force of each length group of all six cottons measured by 

FAVIMAT using 3.17 mm gauge length 
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Figure 9 - Average theta and fineness (H) at each length interval (measured by AFIS 

Pro2) of all six cotton samples (3119, 3154, 3156, 3175, 3187, and 3215) 
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Figure 10 - In this figure, the relationships between fiber bundle tenacity and individual 

fiber tenacity (a), and also fiber bundle tenacity and individual fiber force-to-break (b) are 

plotted. The Force to break distribution of four cotton samples (c) is plotted as well; 

curve 1 shows the tensile force distribution of sample 3030 with maturity ratio of 0.87. 

Also the curves 2, 3, and 4 show the tensile force distributions of samples 3146, 4409, 

and 3074 with maturity ratios of 0.88, 0.91, and 0.95 respectively. 
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 Figure 11 - Relationships between dependent an independent variables 
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Figure 12 - Graph of Normal probability of residuals 
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Figure 13 - graph of predicted versus observed values of tensile force of individual cotton 

fibers 




