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THESIS ABSTRACT

DEVELOPING METHODS FOR DETECTING COTTON FIBER IDENIY THEFT

Yusuf Celikbag

Master of Science, August 10, 2009
(B.S, Uludag University, 2007)

144Typed Pages

Directed by Yehia El Mogahzy

This study focused on determining ways to detemttitly theft of cotton fibers
through developing identification tests from fib&wsend products. Cotton types
examined in this study include: Extra-Long Stapg#an fibers such as Giza cotton,
Supima cotton, and Chinese cotton, and Medium-8tagiton such as American Upland
cotton. Tests used to identify different cottorefilbype in the raw form included (1)
standard methods, and (2) non-standard methodsd&thmethods were primarily
common fiber testing methods using the High-Volunstrument (HVI) and the
Advanced Fiber Information System (AFIS). These systems were developed by
Ustef® Technologies and they are widely used all ovemtbed. These systems provide
values of common fiber properties such as fibegtlenMicronaire, fiber strength, color,
maturity, and trash content (HVI), and fiber lendtheness, neps, maturity, and trash

(AFIS). Using the values of these properties, aneeasily distinguish between major



categories of fiber types. For example, Extra-L&taple cotton fibers (ELS) will have
longer, finer, stronger, and more mature fibers tiegular (Upland-like) cotton fibers.
Non-standard methods that have never been usedtton fiber identification were also
developed and used. These include: Dyeing Testogit/ Test, and Sonic Test. Among
these tests, viscosity and sonic modulus seenotade distinguished differences
between different cotton types. The study alsotdeigth two basic textile end products,
namely: bed sheets and knit shirts to examine venetlis possible to identify different
cotton fibers through their performances in the pratiucts. This type of analysis
showed that different cotton types can indeed loifferent effects on end product
performance through which the identity of fiber ¢cantraced back to its type and

sources.
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Chapter 1. INTRODUCTION

This study aimed at solving a serious problem itha¢cent years has resulted in
major losses to the U.S. economy. This problenoiton identity theft, represented by
enormous claims that cotton textile products selthe U.S. market and in many areas
around the world are made from premium cotton wasewith the primary target being
U.S. medium/long staple cottons, and U.S. Supintsalong Staple cottons. In 2007
alone, the claims of U.S. Supima cotton stampetéxiile products worldwide reached a
record high of 800 million pounds [1]. This is abdouble the actual amount of Supima
cotton produced. Reasons for these false clainbgdac(1) taking advantage of many
trade regulations that give advantages to U.Soreattade products, (2) selling products
at higher prices using premium U.S. cotton labetsteademarks, and (3) the extreme
difficulty in detecting the origin of cotton or itgpe once a product is in the finished
status.

In addition to the losses resulting from tarnishiing famous quality of U.S.
cotton, identity theft can ultimately lead to su#gtal losses resulting from lower
demands for U.S. cotton, legal disputes, and oveuallity deterioration. Indeed, if one
lists the many reasons leading to the fall of th®.Wextile and apparel industry in recent
years, cotton identity theft will be among thosasens.

The main objective of this study is to develop frable scientific approaches for

identity recognition of cotton fiber varieties ratly in the raw stage but also in finished



end products. Although the main target is the dd®on, which amounts to over 20
million bales of medium staple and nearly a millkades of Extra Long Staple fibers,

this work also deal with other non-US cotton vaeessuch as Egyptian cotton.



Chapter 2. LITERATURE REVIEW

2.1 Fiber Identification

Fiber identification has been a part of textiledsts for many years. This can be
achieved using many standard tests including [Irgroscopic, chemical, burning, and
physical tests. Microscopic tests represent the gmamon technique of fiber
identification and they rely on detecting surfaoe aross-sectional features that are
unique for certain fibers. For example, a cott@efiwill have a flat or oval cross-section
and convoluted shape along its axis; a wool fibdirhave a round or oval cross-section
and a scaly shape along its axis; some rayon a¥éhrounded serrated cross section and
grooved shape along its axis; and some silk witeha triangular cross section. When
synthetic fibers are examined for fiber identifioat microscopic tests become limited
due to the fact that these fibers can be madenia variety of cross sections and
longitudinal shapes even within the same fiber tfjme example, some nylon fibers may
be rounded in cross-section; others can exhilquare cross-section with voids; and
others may have a Trilobal cross-sectional shapeeSacrylic fibers may have a
mushroom cross section and others may have dogdroas sectional shape. Table 1

lists some fiber types with descriptions of crosst®nal and longitudinal shapes.



Table 1 Comparison of longitudinal and cross-sectional skayf different fibers [5,6]

Fiber type

Longitudinal appearance

Cross-sectishape

Cotton

Ribbon-like & convoluted & no
significant lengthwise striationg

Tubular or collapsed
depending

on maturity level

Linen

Bamboolike, pronounced cross
markings nodes & no significan
lengthwise striations

Tubular or collapsed
depending

—

on maturity level

Rayon (Regular

Very distinct lengthwise

Irregular shape & serrated

tenacity) striations & no cross markings | outline
Rayon (High- | Smooth, rodlike, no irregular
modulus) stritions Oval or round
Glasslike rod with distinct Irregular shape & serrated
Acetate lengthwise striations outline
Irregular shape & serrated
Triacetate No cross markings outline
Wool Scaly surface (human-hair like Nearly round
Triangular, with rounded
Silk Smooth surface glassrod-like | triangle corners

Nylon (regular

tenacity) Smooth & Glassrod like Round

Polyester Round or other shapes
(Regular)-

filament Rod-like with a smooth surface (e.g. trilobal)

Polyester (High-

Round or other shapes

tenacity)-
filament Rod-like with a smooth surface (e.qg. trilobal)

Round or other shapes
Polyester

(Regular)-staple

Rod-like with a smooth surfagd

ge.qg. trilobal)

Polyester (High-
tenacity)-staple

Rod-like with a smooth surfag

Round or other shapes

gle.g. trilobal)




Table 1 (cont.)

Fiber type Longitudinal appearance Cross-sectishape

Round or other shapes

Acrylic Rod-like with a smooth surface| (e.g. bean or dog bone)

Round or other shapes

Modacrylic Rod-like with a smooth surface (e.g. bean or dog bone)

Polypropylene Rod-like with a smooth surface  Round

Indistinct lengthwise striations
Spandex & no cross markings Dog bone

Chemical tests rely on stimulating the polymeribstance of fibers by dissolving
or coloring for the sake of identifying the typepailymer from which the fiber is made.
This type of fiber identification is useful partlady when different fiber types such as
cotton and polyester are blended together as itezeal the percent of each fiber in the
blend. However, the limitation of this type of idiication testing becomes obvious
when one attempts to use it in identifying diffdrearieties of the same type of fiber.
This limitation is best illustrated in the compansbetween different cotton varieties
(e.g. American Upland cotton, Supima cotton, Egyptiotton, etc.). As will be
discussed later in this section, the chemical caitijpm of a cotton fiber is a very
complex one.

The burn test is a common one as it representa@esivay to identify fibers
based on their thermal behavior (burning or mejtiagd the fiber smell upon burning.
Commonly the burn test is used to determine iffitber is natural, manmade, or a blend
of natural and manmade fibers. In other words itseful in narrowing the choices down

to natural or manmade fibers. This elimination psxcis not only useful for the sake of

5



identification but also for giving information nessary to decide the care of the fabric. In
a burn test, cotton, being a plant fiber, burnsmigaited with a steady flame and smells
like burning leaves. The ash left is easily crurdblanen will exhibit the same behavior
as cotton except it will take longer time to igniglk, being a protein fiber, will burn
easily, not necessarily with a steady flame, andlisniike burning hair. Wool is also a
protein fiber but it is typically harder to ignitlean silk. Again, the smell of burning wool
is like burning human hair. Man-made fibers wilhbge in many different ways
depending on the fiber type. For example, acetateaide from cellulose (wood fibers),
technically cellulose acetate. As a result, it wilkn readily with a flickering flame that
cannot be easily extinguished. The burning celkilti$ps and leaves a hard ash. The
smell is similar to burning wood chips. Acrylic (glonitrile) is made from natural gas
and petroleum. As a result, it burns readily duth&ofiber content and the lofty, air filled
pockets. A match or cigarette dropped on an acbjioket can ignite the fabric which
will burn rapidly unless extinguished. The ashasch The smell is acrid or harsh. Nylon
being a polyamide made from petroleum, will meld &men burn rapidly if the flame
remains on the melted fiber. If you can keep then# on the melting nylon, it smells like
burning plastic. Polyester is a polymer producedificoal, air, water, and petroleum
products. As a result, it melts and burns at tineestaime, the melting, burning ash can
bond quickly to any surface it drips on includikins The smoke from polyester is black
with a sweetish smell. The extinguished ash is.Haayon is a regenerated cellulose
fiber which is almost pure cellulose. Rayon bumagsdly and leaves only a slight ash.

The burning smell is close to burning leaves.



Physical testing is not a common approach of fithentification although it can
be very useful. This is where values of key phyigicaperties are used to identify fiber
type and fiber contribution in a blend. Examplepbysical properties used to identify
fiber types include [5]:

- Fiber length

Fiber diameter

Fiber specific gravity

Fiber strength
- Fiber elongation

Values of physical properties of different fibers &sted in Tables 2, and 3.

Table 2 Comparison of fiber length and fiber fineness iffedent fiber types [5,6]

Fiber length | Fineness Specific gravity
Fiber type (mm) (millitex/denier) (glcnt)
Cotton 20-44 100-280 (0.9-2.5) 1.54
Linen 300-900 17-22 micron diameter 1,54
Rayon Cut to
(Regular different
tenacity) lengths 400-480 (4-4.3) 1.51
Cutto
Rayon (High- | different
modulus) lengths 400-480 (4-4.3) 1.51
Fiber length | Fineness Specific gravity
Fiber type (mm) (militex/denier) (glcnt)
Cutto
different
Acetate lengths 222-333 (2.0-3.0) 1.32
Cutto
different
Triacetate lengths 222-333 (2.0-3.0) 1.25
Wool 60-300 400-800 (4.0-8.0) 1.32
Highly variable (typical
Highly diameters 4-10 micon,
variable (up | Spider silk is 14-120
Silk to 100 feet) | millitex) 1.25
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Table 2 (cont.)

Fiber length | Fineness Specific gravity
Fiber type (mm) (millitex/denier) (g/cnt)
Cutto
Nylon (regular | different Made into various
tenacity) lengths fineness 1.14
Polyester Cutto
(Regular)- different Made into various
filament lengths fineness 1.22 or 1.38
Polyester
(High- Cut to
tenacity)- different Made into various
filament lengths fineness 1.22 or 1.38
Polyester Cutto
(Regular)- different Made into various
staple lengths fineness 1.22 or 1.38
Polyester Cutto
(High- different Made into various
tenacity)-staple| lengths fineness 1.22 or 1.38
Cutto
different Made into various
Acrylic lengths fineness 1.14-1.19
Cut to
different Made into various
Modacrylic lengths fineness 1.30-1.37
Cut to
different Made into various
Polypropylene | lengths fineness 0.92

Table 3 Comparison of strength properties of differenefibypes [5, 6]

Tenacity-dry | Tenacity-wet | Breaking
Fiber type (g/denier) (g/denier) extension (%)
Cotton 3.0-5.0 3.3-6.0 5.0-7.2
Linen 5.5-6.5 6.0-7.2 2.5-3.5
Rayon (Regular tenacity) 0.73-3.2 0.7-1.8 15.0-30.0
Rayon (High-modulus) 2.5-5.5 1.8-4.0 5.0-15.0
Acetate 1.2-1.4 0.8-1.0 20.0-25.0
Triacetate 1.1-1.3 0.8-1.0 20.0-25.0
Wool 1.0-1.7 0.8-1.6 30.0-45.0
Silk 2.4-5.1 1.8-4.2 20.0-25.0
Nylon (regular tenacity) 3.0-6.0 2.6-5.4 20.0-30.0
Polyester (Regular)
-filament 4.0-5.0 4.0-5.0 20.0-30.0
Polyester (High-tenacity) 6.3-9.5
-filament 6.2-9.4 (filament) 6.0-10.0
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Table 2 (cont.)

Tenacity-dry | Tenacity-wet | Breaking
Fiber type (g/denier) (g/denier) extension (%)
Polyester (Regular)-staple 2.5-5.0 2.5-5.0 20.0-30.
Polyester (High-tenacity)-
staple 5.0-6.5 5.0-6.4 20.0-25.0
Acrylic 2.0-3.5 1.8-3.3 15.0-25.0
Modacrylic 2.0-3.5 2.0-3.5 10.0-15.0
Polypropylene 4.8-7.0 4.8-7.0 20.0-30.0
Spandex 0.6-0.9 0.6-0.9 500-600

2.2 The Cotton Fiber

This study primarily focuses on cotton fiber idgntior this reason, it is important
to review the different aspects associated with ithportant fiber. Cotton fiber
represents a key textile component that has besshingmillions of products. The merits
of using this fiber are obviously realized by th#lions of users of cotton textile
products representing all cultures, ages, gendatsreligions. They are also realized by
the numerous products in which cotton fibers asgldsom garments to sheets, towels to
surgical drapes, and disposable to biodegradabhiupts. This realization is a historical
one. Indeed, the popularity of cotton in todaysrg cannot be separated from the
historical evolution of cotton discovery and cottdilization. Although historians can
hardly trace cotton to its true origin, there se¢mrise an agreement that the use of cotton
goes back beyond the records of history. As ea 3090 BC cotton was grown and used
in the Indus Valley of India. Ancient Egypt and Ghialso spun and wove it. In the
middle Ages, the Arabs brought the cotton planifiadia and Spain. They called it
“qutun”, from which comes the name cotton. The most estadui historical fact about
cotton is that the popular status that cotton enjoglay is fully credited to the United

States of America. It is in this great country tB&tWhitney is credited with inventing



the cotton gin in 1793, which forever revolutiordzée whole concept of cotton
production. By 1800 cotton production had incredsech about 3,000 bales a year to
73,000. History also tells us that cotton was tlenmeason behind the Civil War
initiated by the slavery in the South needed fdtazopicking. Shortly after Eli Whitney
invented the cotton gin, planters turned from t@oaand rice to cotton. To supply the
growing demands of mill owners in England and Newl&nd, they imported more
slaves to work the cotton fields. The number soén@d about 700,000 in 1793 to nearly
4,000,000 by 1860. Plantations sprang up in Alabdwississippi, Missouri, Louisiana,
Tennessee, and Arkansas. By spreading slavergiSdith, cotton helped bring on the

Civil War.

Obviously, being a part of history is not the orggson for the huge popularity of
cotton. Other commaodities such as wool, tobaccoheemdp are also associated with

historical evolutions but they do not enjoy the plapity that cotton has in today’s living.

The structure of a mature cotton fiber may be vidag consisting of six main
parts [7-13]. As shown in Figure 1, the first ie thuticle, or the “skin” of the fiber. This
waxy and smooth layer contains pectin and proteioas materials. The presence of this
layer has a significant impact on the smoothneddfahandling of cotton during
processing. However, the fact that it is a verg thyer, only a few molecules thick,
makes it vulnerable to environmental effects, sackdue to heavy rain and high
temperature. Upon scouring, this layer is remowgtich explains the increase in fiber/fiber

friction.
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The second part is the primary wall. This is thigioal thin cell wall and is mainly
cellulose made up of a network of fine fibrils. Tgrémary wall may be visualized as a
sheath of spiraling fibrils where each layer sgi)-30 to the fiber axis. The thickness of
this wall correlates with the extent of maturityoofton fiber, the thicker the wall the higher
the maturity. The primary wall makes for a well-anized system of continuous very fine
capillaries. These fine capillaries "rob" liquidsrh coarse capillaries; an action that

contributes greatly to a cotton material's wipe-geyformance.

The third part is called the winding layer or Syea This is the first layer of
secondary thickening and it differs in structumnireither the primary wall or the
remainder of the secondary wall. It is an opentiingt pattern of fibrils that are aligned
at 40-70° angles to the fiber axis. The fourth pathe secondary wall, which consists of
concentric layers of cellulose constituting the m@aortion of the cotton fiber (also
called S2 layer). During the growth period, a nayer of cellulose is added to the
secondary wall. The fibrils are deposited at angfeg0-80° with points along the
length where the angles are reversed. The fibmigacked close together, again forming

small capillaries.

The fifth part is the lumen wall. This wall sepasathe secondary wall from the
lumen, which represents the sixth part. It appéatse more resistant to certain
reagents than the secondary wall layers. The lusiarhollow canal that runs the
length of the fiber. It is filled with living profdasts during the growth period. After the
fiber matures and the boll opens, the protoplagsdup and the lumen will naturally

collapse.
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Figure 1 Structural features of cotton fiber [5]

2.3 The Importance of Detecting Cotton ldentity Theft

The importance of detecting cotton fiber idgntiheft stems from the fact that
cotton fiber has unique performance characteristiasare uncontested by other fiber
types. In addition, different cotton fiber typedlweixhibit different performance levels.
Indeed, the true value of any fiber can only béized through the benefits of using the
fiber in particular textile products. These bersefite determined by a number of
performance characteristics that are primarily eepeed during the use or the
maintenance of the products. In order to understandcotton compares with other
competing fibers with respect to end product pengmce, it will be important to first

define the term performance characteristic. Aceagdo Dr. EImogahzy [6]:
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“Performance characteristic is hardly a direct atiute that can be imbedded in
the product in a systematic fashion to make thelpcoperform according to its
expectation. Instead, it is often a function ofefally assembled elements leading
to the end product, associated with a combinatibdifferent attributes that
collectively result in meeting the required perfame of the product assembly.
In this regard, it is important that both the assdyrelements and their attributes
are harmonized so that their integral outcome cadito an optimum level of the
desired performance characteristics. For examplgp®se that the desired
performance characteristic of a fibrous end prodigaiurability. In this case, the
selection of a fiber exhibiting high strength weépresent a key element/attribute
combination. When the fibers are converted intamythe new fiber assembly
should still meet the same level of the desiretbpmance characteristic,
enhance it, or at least should not hinder it. Tlearelement/attribute combination
to be optimized in this case is yarn structure/ystnength. Similarly, as the yarn
is converted into a fabric, fabric construction/fadbstrength combination should
be optimized. Finally, fabric finish must be caftsfgelected and applied in such
a way that can enhance durability, or minimize aite effects that can lead to

deterioration in this critical performance charadtic.”

Perhaps, no textile performance characteristicasznimportant than durability.

Cotton fiber is typically not the most durable filyy comparison with other fiber types.

However, in the form of a yarn or a fabric it camttuly durable. This aspect will be

addressed in this study in the context of compathiegdurability of different cotton

fibers. In Tables 3 a comparison between the stingmperties of cotton fibers and
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other competing fibers was made. These properiiestly influence the durability of a
textile product. In general, the stronger the filbee stronger the textile product made
from this fiber. Within the different varieties obtton, one can find a wide range of fiber
strength. This point was demonstrated in Table @ gnge of fiber strength from 3.0 to
5.0 g/denier. Typically, extra-long staple cottdrefs (ELS) exhibit significantly higher
strength than medium or short-staple cotton vasetAs a result, textile products made
from ELS cottons are expected to exhibit more ptatsdurability (e.g. tensile, tear, and
bursting strength) than those made from mediunhortsstaple cottons. Furthermore,
ELS cottons exhibit longer lengths and finer diaengthan medium and short-staple
cottons. These two attributes contribute to thesptal durability of textile products
particularly when these products are made fromyaras. Longer and finer fibers result

in more fibers per yarn cross section leadingrongier yarns.

When cotton is compared to other fiber types, oillfiwd that cotton fibers are
generally stronger or equivalent in strength te#ller natural fibers except long-
vegetable fibers (e.g. flax or jute). Obviouslyngetic fibers can be made strong by
virtue of the control of their molecular orientatjdout those that are typically blended
with cotton are made to have more or less equivakeength. The breaking extension of
cotton is lower than that of most competing fibexsept long-vegetable fibers. The
importance of this attribute is realized when adpici is subjected to stretching during
use. Realizing the poor extension of cotton fillers resulted in the use of a small
guantity of a companion stretchable fiber in maottan products such as denim, bed

sheets, and knit apparels. This fiber is an elastmnfiber called spandex (trade name
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Lycra®). This fiber is added to provide fit and tactienfort (stretch and recovery) to

cotton textile products.

A key point related to breaking extension is thalirectly influences the breaking
extension of yarn. In other words, fibers of highdking extension will result in yarns of
high breaking extension. This point is criticaltbe ground that cotton yarns must be
sized (coated by a surface film to reduce hairieessimprove abrasion resistance)
before it can be woven. Unfortunately, size treatiméll inevitably reduce yarn
elongation, particularly when size add-on is insegh This leads to undesirable stiffness
in the yarn during weaving. It is important, themef to use fibers of high elongation so
that yarns made from these fibers will likely ta\8ue the reduction in elongation upon
sizing. It is important to keep in mind that thesalute minimum value of yarn elongation

below which the yarn will not weave properly is 4%.

Another key fiber attribute related to durabiligyfiber toughness, expressed by
the so-called “work of rupture”. This is a measaf¢he energy needed to break the fiber.
In this regard, a fiber can be strong but not weungh (e.g. long-vegetable fibers such as
linen). This means that although the fiber is gjtahmay fail easily under excessive
external stress applied in a short period of tieng.(impact force). When cotton fibers
are compared to wool fibers, one will find thattoatis significantly stronger but
considerably less tough than wool. Silk on the oti@nd exhibits the highest toughness

among natural fibers.

Another key mechanical parameter, which influertbesdurability of textile

products, is stiffness or flexibility of fibers. iBiis determined by the initial slope of the
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stress-strain curve, or the so-called initial maduthe higher the initial modulus, the
higher the fiber stiffness. In practical termsxilglity is the ease of material to deform or
deflect under small forces. This may be in theitemmode or in the bending or twisting
mode. The data of initial modulus shown in Table taken under tensile forces (tension
mode). This data indicates that cotton fibers exhilwide range of flexibility (range of
initial modulus from 390 to 740 g-wt/tex). This nmsahat different cotton varieties may
have different levels of flexibility. In generalptton is more flexible than other long-

staple vegetable fibers (e.g. linen and jute) allkgdand stiffer than wool fibers.

Table 4 Non-standard mechanical fiber properties [6]

Work of rupture Initial modulus

Fiber type (g-wt/tex) (g-wt/tex)
Cotton 0.52-1.52 390-740
Linen 0.82 1830.00
Rayon (Regular
tenacity) 3.12 486.00
Rayon (High-
modulus) 1.5-2.0 700-1000
Acetate 2.20 370.00
Wool 2.7-3.8 215-310
Silk 6.00 750.00
Nylon (regular
tenacity) 7.75 270.00
Polyester (Regular)-
Filament 5.40 1080.00
Polyester (High-
tenacity)-filament 2.20 1350.00
Polyester (Regular)-
Staple 12.00 900.00
Acrylic 4.80 630.00

Durability of textile products can also be measuwisithg parameters that are
related to exposure of material to certain envirentas or chemical treatments during

processing or during use. Table 5 provides compatfietween different fiber types
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using some of these parameters. Under prolongeaisexg of sunlight, most natural
fibers will suffer some form of deterioration eithaa strength loss or coloration. Cotton
fibers are highly resistant to sunlight providedttho rain or wetting condition is
involved. Some studies found a slight loss of fisteength under prolonged exposure of
sunlight. The behaviors of other fibers are illattd in Table 5. Abrasion is a form of
rubbing against fiber surface at high speeds tiatesult in wearing out the fibers.
Under abrasion effects, cotton fibers generallygrar well. These effects begin during
harvesting and continue during ginning and textienufacturing. During weaving cotton
yarns are subjected to excessive abrasion effadtatahigh speeds, which requires
additional protection to yarn surfaces via sizikigst natural fibers exhibit fair to good
abrasion resistance, but silk in particular is knderhave poor abrasion resistance. Most
synthetic fibers are spin-finished in such a wat eillows high abrasion resistance.
Unlike long-vegetable fibers, cotton fibers requspecial care when treated with acid or

alkalis during finishing or during washing.

Table 5 Other durability parameters of fibers [6]

Exposure-to-

sunlight Abrasion | Acid Alkalis
Fiber type resistance resistance resistance resistance
Cotton Strength loss Good Poor Poor
Linen Strength loss Fair Excellent Excellent
Rayon (Regular
tenacity) Strength loss Fair Poor Poor
Rayon (High- Some strength
modulus) loss Fair Poor Excellent

Some strength Strength
Acetate loss Fair Poor loss
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Table 5(cont.)

Exposure-to-

sunlight Abrasion | Acid Alkalis
Fiber type resistance resistance resistance resistance
Strength
Triacetate Moderate Fair Poor | loss
Yellows-
Wool strength loss Good Moderate Very poof
Yellows-
Silk degrades Poor Poor Very poor
Nylon (regular Good to
tenacity) Degrades Excellent | Degrades Degrades
Polyester (Regular){ Good (if glass | Good to [ Good to | Fairto
filament protected) Excellent | weak strong
Polyester (High- Good (if glass | Goodto | Goodto | Fairto
tenacity)-filament | protected) Excellent | weak strong
Polyester (Regular){ Good (if glass | Good to [ Good to | Fairto
staple protected) Excellent | weak strong
Polyester (High- Good (if glass | Goodto | Good to | Fairto
tenacity)-staple protected) Excellent | weak strong
Good
Fair to except Good (to
Acrylic Excellent Good nitric weak alkali)
Fair to
Modacrylic Excellent Good Good Good
Slow strength
Polypropylene loss Fair Excellenf Excellent
High resistant
Spandex but it yellows Poor Good Fair
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2.4 The Challenges of Identifying Different Cotton Fibe Types

The main objective of this study is to develop why&lentify certain variety or
cotton type in a raw form or in a textile produtie key challenge associated with this
objective is that the methods of fiber identificatidiscussed earlier (microscopic,
chemical, and burn tests) seem to fail to distigigloetween different types of cotton
fibers. Microscopically, most cotton fibers haverocoon features that are not unique to
any particular type. As a result, different cottgpes may reveal microscopic pictures

that are not different enough to segregate thememtify one type from another.

Chemical testing is even more challenging. Upomigig and cleaning, raw cotton
fiber is approximately 95% cellulose [4-8]; yet soootton fibers may have as little as
85% cellulose and others may have as much as 962ndmg on the growth rate and the
environment in which cotton is planted. Unfortumgtéhis data does not represent
unique identification as this wide range of celkdacontent can indeed exist in one type
of cotton. A cotton fiber also has protein withypital value of 1.3 (%N x 6.25) but it
may range from 1.1 to 1.9 even within the same tffmtton. Other chemicals
presented in cotton include: Pectic substancescéyp 0.9%, range 0.7-1.2), Ash
(typical = 1.2%, range 0.7-1.6), natural wax (tgbis 0.6%, range 0.4-1.0), Total sugars
(typical = 0.3%, range 0.1-1.0), organic acids iitgp= 0.8%, range 0.5-1.0). Again, any
one of these components can exist over the emtigerin the same type of cotton,
making it difficult to identify certain cotton typebased on the value of chemical
composition. Most of the non-cellulosic constitugeot the fiber are located principally in

the cuticle, in the primary cell wall, and in tharlen.
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In the context of fiber identification, it is wkhown that cotton fibers that have a
high ratio of surface area to linear density gelheexhibit a relatively higher non-
cellulosic content. However, this point is difficth study unless a huge amount of
samples representing different cotton types arédadta. This was not possible in this
study because of the limited samples and the tivaedould have been taken to test. In
addition, within the same cotton type, one can &rglibstantial range of surface

area/linear density ratio, making it difficult tetéct on that basis.

It should also be pointed out that variations in-gellulosic constituents (proteins,
amino acids, other nitrogen-containing compoundass,\pectic substances, organic acids,
sugars, inorganic salts, and very small amounigrhpnts) often arise due to differences
in fiber maturity, variety of cotton, and environnmtal conditions (soils, climate, farming
practice, etc.). Thus, an identification by exti@etand weighing these non-cellulosic
constituents will be subject to a great deal obimgistency. The non-cellulosic materials
are typically removed by selective solvents. Th& s@nstituent can be removed
selectively with nonpolar solvents, such as hexartechloroform, or nonselectively by
heating in a 1% sodium hydroxide solution. Hot rmapsolvents and other water-
immiscible organic solvents remove wax but no othmgrurity, hot ethanol removes wax,
sugar, and some ash-producing material but noiprotepectin, and water removes
inorganic salts (metals), sugar, amino acids awndrholecular-weight peptides, and
proteins. Most of the non-polymeric constituentduding sugars, amino acids, organic
acids, and inorganic salts may be removed with watee remaining pectins and high-
molecular-weight proteins are removed by heating 1% sodium hydroxide solution or

by appropriate enzyme treatments. All of the ndhitesic materials are removed almost
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completely by boiling the fiber in hot, dilute, apus sodium hydroxide (scouring or kier
boiling), then washing thoroughly with water. Th&agen-containing compounds,

which constitute the largest percentage of nonitmics when expressed as percent
protein (1.1-1.9%) largely occurs in the lumenha fiber, most likely as protoplasmic
residue, although a small portion is also extrabtech the primary wall [6]. The
nitrogen-containing compounds located in the lumay be removed using water, while
those located in the primary cell wall are remobgdeating in a 1% sodium hydroxide
solution) a mild alkali scour such as that usegrepare cotton fabrics for dyeing and

finishing).

In light of the above discussion, it follows thatton fiber identification to detect
different cotton types truly represent a challetige has to be overcome to prevent

identity theft.

In recent years, some attempts to identify cotypes were developed with limited
success but great potential for further developme@ne of these attempts is the so-called
“cotton DNA”. The idea is to determine genetic thiat can identify different cotton
types by developing rapid and simple method to mnreasxpression of a gene of interest
in the cotton fiber cell. This type of research was primarily aimed at identifying
cotton types but rather at the evaluation of thenpltype of genes of interest, which is
useful in designing transgenic plants with destledracteristics. This type of agricultural
research may have good future impacts on cottamtifation particularly in the raw
form. Cotton is a plant of great commercial impoda One significant product from
cotton plants, cotton fiber tissue, is used inghadluction of textiles. The cotton fiber

cells that make up cotton fiber tissue are thesfidrgreat interest. Manipulation of the

21



cotton fiber cell phenotype can produce novel aswmhemically important improvements
to cotton fiber tissue and, thus, to textiles. Thmplexity of cotton fiber development
suggests that large numbers of plant genes arévetjcespecially during initiation,
elongation and maturation. However, only about4éhgyenes have been reported to
date. Searching for these genes can open ideastton fiber identification, a subject

that is still under investigation [14-17].

22



Chapter 3. EXPERIMENTAL

In this study, cotton fiber identity was detectaihg a complete profiling approach that
begins with the end-product (apparel, and bed shaatl ends with the fiber extracted
from the product. The reason for this approachas the problem of cotton fiber identity
theft is commonly discovered in the end-product ieheis very difficult to confirm this
theft given the different mechanical operations eimeimical treatments that a fiber is
subject to during spinning, weaving, and dyeing fimgdhing. Most testing techniques

used were standard but few were developed in thdy particularly on the raw fibers.
3.1 Fiber Testing

Detecting the identity of cotton fibers in the réowm is relatively easier than in the
yarn or fabric form. The methods used for this dibe@ were divided into two classes:

(1) standard methods, and (2) non-standard methods.

Standard methods were primarily common fiber tgstnethods using the High-
Volume Instrument (HVI) and the Advanced Fiber mmiation System (AFIS). These
two systems were developed by USt&echnologies and they are widely used all over
the world. These systems provide values of comri@r properties such as fiber length,
Micronaire, fiber strength, color, maturity, andgh content (HVI), and fiber length,
fineness, neps, maturity, and trash (AFIS). Ushregvalues of these properties, one can

easily distinguish between major categories ofrftpes. For example, Extra-Long
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Staple cotton fibers (ELS) will have longer, finstronger, and more mature fibers than

regular (Upland-like) cotton fibers.

In this study, some non-standard methods that haver been used for cotton fiber

identification were also developed and used. Thedade:
1. Dying Test
2. Viscosity Test
3. Sonic Test

These methods are described below.

3.1.1 Dyeing Test

Dye absorption behavior of cotton fibers was ingadéed by using spectrophometer. The

following pretreatments were applied to cotton siespefore dying.
- Scouring

4 grams cotton fiber samples were immersed in goeaus alkali solution which is

prepared according to following receipt;
- 400 CC distilled water
- 0.04g NaOH

- 0.49 AATCC-1993 detergent
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Solutions were heated up by heater, and aftemgpthe cotton fiber samples were
immersed in the solutions for 30 minutes. Thenstmaples were washed with running

tap water.

- Bleaching

2 grams scoured samples were immersed in the @olatiich contains 200 CC distilled
water and 20 CC sodium hypocloride and suspendetbfminutes at room temperature.
After the treatment, all samples were washed witining tap water and allowed to dry

at room temperature.

- Dyeing

CI Direct Green#27 dye was used for dyeing. Sohstiwere prepared according to

following receipt;

- 2 CC 1% dye solution (1g dye/100 CC water)

- 100 CC distilled water

- 1 drop NP9 (surfactant) (Nonylphenol Ethoxylatenigonic)

When boiling begun, 1g bleached samples were inedarsthe solution for 45 minutes.
After 45 minutes, all samples were washed with migtap water and dried at room

temperature.
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- CIELAB Results

Shade, color depth and color differences betweend dgtton fibers were determined

by CIELAB color coordinates. When a color is exgegsin CIELAB;

L* defines lightness. Maximum L* is 100 which meamperfect reflecting

diffuser. Minimum L* is zero which represents black

- a* means red-green color. Positive a* is red, negat* is green.

- b* means yellow-blue color. Positive b* is yellomggative b* is blue

- C* means chroma.

- hdefines hue.

AE* refers the total color differences between *,l& of sample and reference.

Calculations are given below;

AL* =L* sample L* reference
Aa* =a* sample -a* reference
Ab* =b* sample -a* reference
AC*=C* pe—C*

sample reference

AH* = \/AE*? —AL *? —AC *2
AE* = /AL *2 +Aa*? +Ab*2
(1-R)

2R

K/S=

(R is fraction of light reflected at a wavelengfimmaximum absorbance or minimum

reflectance)
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- Color Strength

Color strength (K/S) was calculated by Kubelka-Meagkiation.

(5252
s) 2R

Where;
K is absorption coefficient
S is scattering coefficient

R is fraction of light reflected at a wavelengthnedximum absorbance or minimum

reflectance.

Absorption of dye was measured in color strengifs{kon a spectrophotometer
(Chroma Sensor-5 produced by Datacolor InternakjoRiggher K/S means higher

absorption of dye.
3.1.2 Viscosity Test

In order to measure the viscosity of the cottorersh “TAPPI T230 om-89
Viscosity of pulp (capillary viscometer method)stenethod was partially followed. This
test method shows the techniques to dissolve the and measure the viscosity of the

pulp solution.

All the cotton fibers were conditioned under thbdeatory condition before test.
0.1616 +0.0001 g cotton fiber was put into 5 gilliest water and allowed to absorb the

water. And then, 15 ml solvent, 0.5M cupriethyleaedne solution Cu(&HgN2)2(OH),
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was added and stirred for 1 hour 15 minutes at 2B%@r that, 10 ml distilled water
added and stirred for 1 hour 15 minutes at 25°@alBy, solution was filtered, and
viscosity of solution was measured by using a \nset@r. The viscometer was filled with
10 ml filtered solution, and efflux time was recedd Viscosity is calculated according to

the following formula:
V=Cxtxd
Where;
V = viscosity of cupriethylenediamine solution &°¢, mPa.s (cP)
C = viscometer constant found by calibration
t = average efflux time, s
d = density of the fiber solution, g/ér=1.052)
3.1.3 Sonic Test

Sonic test that measures the overall orientaticstratture is one of the
characterization techniques for polymeric and filsrstructures. When molecular
orientation is expressed, what orientation is bemggsured should be emphasized.
Orientation of multiphase or multicomponent matsriaay refer to overall average
orientation or only one phase or component or evenpart of the component
orientation. For example, X-Ray Diffraction methmeéasures only the orientation of
crystalline region dispersed in the amorphous mathile sonic technique measures the

overall orientation of the system.
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Sonic test method is based on the measurementadfityeof sound that is related
to the orientation of the individual units in adib The magnitude of the velocity depends
on the alignment of the individual units along fiter length. The sound velocity will
increase along the axis, when more oriented onatiginits occur along the axis.

Basically, more aligned units give greater velacity

The velocity of sound (V) is equal {6E/d whereE is Young’s Modulus of
Elasticity andd is the density of material. Velocity of sound does depend on the
cross-sectional area. This is an important advaib@gause biological materials such as

cotton have irregular cross-section.

In order to measure the velocity of sound, the dantpbe tested is contacted by a
transmit transducer and a receive transducer. Raduongitudinal mechanical pulses
are transmitted through the sample at a certagnaiadl simultaneously “turn on” a timing
circuit. The pulses are converted to electricatrgyéy the receive transducer, amplified
and “turn off” the timing circuit. These recurratfifferences between turn on time and
turn off time provide continuous elapsed time ragdin microseconds) through the

sample as a function of distance along the sample.
3.2 Yarn Testing

Yarn tests used in this study were all standard téslist of these tests is given

below:

1. YARN COUNT: ASTM D 1059-89 Standard test methodsy@arn number based

on short-length specimens.
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2. YARN TWIST: ASTM D 1423-82 Standard test methodstfaist in yarns by the

direct-counting method.

3. YARN STRENGTH: ASTM D 2256-97 Standard test methfmtdensile

properties of yarn by the single strand method.

3.2.Fabric Testing

Fabric tests used in this study were all standzstst A list of these tests is given

below:

1. FABRIC WEIGHT: ASTM D 3776-85 Standard test methdds mass per unit
area (weight) of woven fabrics.

2. FABRIC THICKNESS: ASTM D 1777-64 Standard test nueth for measuring
thickness of textile materials.

3. FABRIC COUNT: ASTM D 3775-85 Standard test methéaisfabric count of
woven fabrics.

4. FABRIC STRENGTH: ASTM D 5035-95 Standard test methdor breaking
force and elongation of textile fabrics (strip noth

5. FABRIC TEAR: ASTM D 2261-96 Standard test methoalstéaring strength of
fabrics by the tongue (single rip) procedure (cantstate-of-extension tensile
testing machine)

6. TABER ABRASION: ASTM D 3884-80 Standard test metholdr abrasion
resistance of textile fabrics (rotating platforroutdle-head method)

7. FLEX ABRASION: ASTM D 3885-80 Standard test methofds abrasion

resistance of textile fabrics (flexing and abrasioethod)
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8. PILLING: ASTM D 3512-96 Standard test methods falting resistance and
other related surface changes of textile fabriemd®m Tumble Pilling Tester.

9. THERMAL CONDUCTIVITY: ASTM D 1518-85 Standard teshethods for
thermal transmittance of textile materials.

10.BALL BURST: ASTM D 6797-02 Standard test methodstarsting strength for
fabrics. Constant-rate-of-extension (CRE): Ball @urest.

11.STIFFNESS: ASTM D 4032-94 Standard test methodsstiffiness of fabric by
the circular bend procedure.

12.DIMENSIONAL CHANGE: AATCC Test Method 135-2003 Dimsional
Change of Fabrics after Home Laundering.

13. SKEWNESS: AATCC Test Method 179-2001 Skewness ChaangFabric and
Garment Twist Resulting from Automatic Home Lauriaigr

14.COLOR CHANGE: AATCC Test Method 61-2003 Colorfastesd¢o Laundering,

Home and Commercial: Accelerated.
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Chapter 4. RESULTS AND DISCUSSION

4.1 |dentification Tests on Raw Fibers

Tables 6 and 7 show values of standard fiber pt@semeasured by HVI and
AFIS, respectively, for different types of cottoiiiese results indicate that Extra-Long
Staple cottons (e.g. Giza70, Chinese, Pima) hawgelo finer, more mature, and stronger
fibers than medium-staple. These results can be eféectively to distinguish these two
major categories of cotton type. However, withia #ame category (e.g. within ELS, or
within Upland), they are not very useful in disturghing one type of fiber from another.
It was important therefore to use nonstandard nustlod identification. These were the

Dying Test, the Viscosity Test, and the Sonic Testcribed in the experimental section.

Table 6 HVI Fiber Properties of Different Fiber Types

Fiber Mic |Mat | Len SFI | Str |Elg | Rd | btb Tr Area
GIZA70 4291092135 | 6.8 | 40.7| 6.5 78/912.4 0.43
CHINESE 4250931369 | 6.8 | 38.1 8.9 84411.6 0.16
PIMA 41 | 094/1513 | 6.6 | 41.1] 8 76.814.3 0.17
ACALA 4.7210.94|1.348 | 7 32.3| 8.7 82.611.5 0.14

LONG-STRONG| 4.36/0.92|1.218 | 8.6 | 329 7.9 | 83/113.7 0.14

SHORT-WEAK | 4.56| 0.88| 0.996 | 14.6/ 25.1 | 9.6 | 83.4 14.6 0.16

Pima #29947 3.7109 | 1.346| 8.6| 37.5 7.9| 74[15.9 0.16

Pima #29950 3.820.9 | 1.319| 85| 34.8 8.9| 7426.1 0.24

Uplands #30699| 3.910.88| 1.205 | 8.8 | 32.4| 7.6 | 81,9134 0.12
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Table 6 (cont.)

Fiber Mic | Mat | Len SFI| Str Elg| Rd| b+b Tr Area

Uplands #31907| 4.270.87|1.085 | 11.8 26.5 | 9.8 | 84 | 144 0.06

* Mic = Micronaire-the higher the Mic, the coardke fiber, Mat = Maturity ratio
Maximum maturity = 1.0), len = Mode Fiber lengthdn), SFI = Short Fiber Index
(percent of fibers of < 0.5 inch length), Elg = &illbreaking elongation (%), Rd = color
whitness (or light reflection), +b = color yelloess, Tr Area = Trash area.

Table 7 AFIS Fiber Properties of Different Fiber Types

Fiber L (w) [in] Fine mTex |IFC [%)] Mat Ratio
GIZAT70 1.13 148 6.1 0.9
CHINESE 1.11 157 5.9 0.92
PIMA 1.25 158 5.2 0.95
ACALA 1.07 189 4.2 0.98
LONG-STRONG| 1.02 170 5.9 0.92
SHORT-WEAK | 0.8 182 6.4 0.88
Pima #29947 1.11 154 6.1 0.9
Pima #29950 1.11 155 6.4 0.89
Uplands #30699| 1.04 163 6.9 0.88
Uplands #31907| 0.89 177 6.6 0.87

* L(w) = mean fiber length (inch), Fine = Fiber &ness (millitex), IFC = Immature Fiber
Content (%), Mat = Maturity ratio

Figure 2 shows the results of Viscosity IdentificatTest for different cotton types.
These results clearly indicate that different aotigpes even within the same cotton type

category (ELS or Upland) can be identified usingtfscosity test. As can be seen in this
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Figure, Supima® Cotton exhibits the highest MolacWeight of all Cottons (as

measured by Tappi Viscosity Method). This translate

- High and persistent durability from fiber to finesth product
- More homogenous material (uniform dye uptake amdvariability in quality
parameters)

- Minimum fiber brittleness under hot chemical treants

350

300

250
200 I I I

s
(%4
o

Viscosity (Centi Boise)
=)
L)

o
28]

o

Upland {Short-Wealk
Upland [LONG-STRONG
ACALA

EGYFTIAN Cotton

CHINESEELS

Supima Cotton

Fiber Type

Figure 2 Viscosity VValues ofMajor Cotton Fiber Types

Figure 3 shows the results of molecular orientatedtected by the Sonic test for
yarns made from different cotton types. It showdchbted that the sonic test is better
suited for yarns as cotton fibers are too shocotaduct this test. The results indicate that
Supima® cotton exhibits the highest Molecular aa¢ion of all Cottons (as measured by

the Speed of sound).
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This translates to

- A combination of smoothness and durability
- More consistent dye affinity

- High fiber resiliency

BSupimaYarn
ORegular Cotton Yarn

Sonic Speed (kmisec)
L)

10 0 30
Initial Tension (gf)

Figure 3 Sonic Speed of Two yarns made from different cotton types

Table 8 shows the results of color parameters teddsy the dye test. These
results show that different cotton types can indesaek different levels of color
parameters. The problem, however, is that dye eptak be dependent on many factors
including fiber maturity, fiber fineness, and sudamorphology. Accordingly, to claim
that the dye uptake test is a valid one for idgimg different cotton types may not be so
accurate unless a large database to support #ims  available, which outside the
scope of this study.
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Table 8 Color intensity measures of different fiber types

SAMPLE ID ill. Cond L* a* b* C* h AE K/S
D65 10° | 69.00 | -16.01 | -9.41 | 18.54 | 210.29 | 32.50
Regular-Upland A10° 66.47 | -18.85 | -14.09 | 23.54 | 216.77 | 37.94 | 1.422
F210° 67.41 | -11.59 | -11.74 | 16.50 | 225.36 | 32.94
D65 10° | 62.38 | -16.34 | -10.29 | 19.31 | 212.20 | 37.86
Supima Cotton A10° 59.80 | -19.57 | -15.22 | 24.80 | 217.88 | 43.28 | 2.295
F210° 60.67 | -11.83 | -12.86 | 17.47 | 224.67 | 38.66
D65 10° | 65.99 | -16.33 | -9.60 | 18.38 | 210.45 | 40.99
CHINESE A10° 63.39 | -19.28 | -14.45 | 24.09 | 216.84 | 40.38 | 1.771
F210° 64.34 | -11.83 | -12.07 | 16.90 | 225.59 | 35.58
D65 10° | 63.85 | -16.43 | -9.85| 19.16 | 210.95 | 36.38
LONG STRONG-Upland | A 10° 61.22 | -19.50 | -14.76 | 24.46 | 217.11 | 41.78 | 2.059
F210° 62.17 | -11.90 | -12.38 | 17.17 | 226.11 | 37.08
D65 10° | 64.19 | -16.59 | -10.22 | 19.49 | 211.63 | 36.06
SHORT WEAK-Upland | A 10° 61.50 | -19.76 | -15.20 | 24.93 | 217.57 | 41.63 | 2.032
F210° 62.45 | -12.03 | -12.84 | 17.60 | 226.85 | 36.82
D65 10° | 61.82 | -16.01 | -9.66 | 18.70 | 211.11 | 36.75
GIZA 70 A10° 59.25 | -18.96 | -14.45 | 24.44 | 217.32 | 41.87 | 2.280
F210° 60.51 | -11.59 | -12.14 | 16.78 | 226.33 | 37.49
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4.2 |dentification Tests on Yarns and Fabrics

As indicated earlier, in this study identificatioias made using a complete
profiling from fiber to end-product. In this regatdio types of end product were used:

(1) bed sheets, and (2) knit shirts.

In the following sections, results comparing enddocts made from different

cotton types are reported for the three types df@oduct above.

4.2.1 Bed Sheets

Bed sheets represent a key consumer product usedlimns of people and
thousands of hotels, hospitals, and care homesibnlhsis. Most consumers would like
to have bed sheets that are soft, comfortable, teasyintain, and most importantly
durable over time and under repeated handling, wgshand drying. In this study, the
key parameter examined was the durability of bexktshunder repeated washing and
drying. The main variable of the study was thearotype. In the initial analysis of the
study, many commercial bed sheets were examinedang were disqualified for
failure to meet basic requirements particularlinml rate. Samples that exhibit pilling
rates of less than 3.0 were discarded. It wasialportant to make sure that the selected
samples for the study were comparable in everychgpeept the fiber type. These
include: yarn type, yarn structure (count and tiyistbric pattern, and fabric construction
(count, thickness, and weight). Obviously, when owrcial products are considered it is
typically difficult to obtain samples that are comnable in every aspect. For this reasons,
most comparable samples collected were producédebyame companies to minimize
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variability. Table 9 illustrates a list of the sdegused identified by fabric patterns and
thread count. Different types of tests performedatomics, yarns, and fibers are listed in
APPENDIX A. APPENDIX B show the different yarn afabric dimensional
characteristics of the 300 TC bed sheet sampleglm@impared in this study and
APPENDIX C show the different yarn and fabric direiemal characteristics of the 500
TC bed sheet samples being compared in this stdyshould point out that during
testing, all samples were identified and labeledngysample code and no information

about bed sheet type or cotton type was revealed.

Table 9Bed Sheet Samples

Sample Code| Thread Count Standard (plain)/Sateen ber Fi
S-300-1 300 | Standard (Plain) Weaveg 100% Egyptian Cotton
S-300-2 300 | Standard (Plain) Weave Regular Cotton

60% Egyptian
S-300-3 300 | Standard (Plain) Weaveg Cotton/40% Polyester
S-300-4 300 | Standard (Plain) Weave 100% Supima® Cotton
SA-500-1 500 | Sateen Weave 100% Egyptian Cotton
SA-500-2 500 | Sateen Weave Special Cotton Blend
SA-500-3 500 | Sateen Weave 100% Supima® Cotton
SA-540-3 540 | Sateen Weave 100% Supima® Cotton
SA-778-3 778 | Sateen Weave 100% Supima® Cotton
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4.2.1.1 Comparison of the Durability of Bed Sheets Made frm Different Cotton

Types

What is Durability?

One of the key performance characteristics of heets is durability. A durable
bed sheet is the one that can withstand the stusmneatments of bed sheets particularly
during washing and drying. Unfortunately, this reecharacteristic that consumers are
unable to test at the time of purchasing bed stesetsly through use and repeated
washing and drying that one can test the duralofitye product. Fortunately, this key
performance characteristic can be tested even wxtiesme conditions using standard
laboratory testing methods. From a consumer’s eets, using a durable bed sheet
could add a great value to the consumer as it aoelan longer use of a high-quality bed
sheets to the normal consumer and a significaritsaaéng to institutes using bed sheets
in masses such as hotels and hospitals. Suclhutestitnay have to wash and dry bed

sheets in the order of hundreds of times every.year

What consumers need to know about the durabilityeaf sheets is that fiber type
is the most critical factor of durable productsided, two bed sheets of the same thread
count made from two fiber types of 8 to 10 g/teesyth difference could mean a
difference in lifecycle of up to 40%, as weakegfilwill translate into a weaker yarn, and
certainly to a less durable fabric. When fibersigh short-fiber content and low
maturity are used, the propensity for hairinedéingi and severe shrinkage will be some
of the common problems witnessed in bed sheets fawhethese fibers. In this study,

we examined many bed sheets starting by extraftbegs from the yarns used to make
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the bed sheets and testing their different chanatts. What we have discovered was
that due to the high price differences between higglity ELS cottons and regular
cottons, some spinners tend to blend extreme iesief cotton for the sake of reducing
manufacturing cost. This practice often goes umedtuntil the consumer uses the bed
sheets a few times only to discover that they lavee thrown away for excessive

pilling, severe shrinkage, or extremely poor apaece.

4.2.1.2 Laboratory Simulation of Bed Sheets Made from Diffeent Cotton Types

The key parameters determining the durability af bleeet products are:

Tensile and tear resistance of fabric

Fabric propensity to pilling

Fabric resistance to surface abrasion

Fabric dimensional stability

In this study, these parameters were measuretiédred sheets before and after
repeated washing and drying of up to 50 cyclessilertear, and abrasion tests are
considered “accelerated durability tests”. Theyaareelerated because they use extreme
external applications to deform the product. Ineotivords, they put the bed sheets to the
extreme test of durability or what we may call “pung) effects to the harshest limits”.
Indeed, bed sheets that are superior in passisg tests will certainly be superior in
durability superior. The main reason for thesestesto achieve accelerated effects that
otherwise would have only been obtained from manyé, days, or even years of use of

products, making them time-consuming and cost pitad. Pilling, appearance, and
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dimensional stability simulate effects that arene#ised under the normal use of bed

sheets; certainly after washing and drying.

4.2.1.3 Results of Accelerated Extreme Durability Test

4.2.1.3.1 Tensile and Tear Strength

Figures 4 and 5 illustrate the fabric tensile gthrfor the 300 TC-Standard bed
sheets, and the 500 TC-Sateen bed sheets, regbhgclike results illustrated in these

Figures can be summarized as follows:

300 TC-Standard bed sheets made from Supima® Cbh#drnigher tensile

strength than all other fabrics in both warp afith§ directions (Figure 4).

- Regular cotton bed sheets were about 22% to 24%rlowtensile strength than
all other 300 TC-Standard bed sheets (Figure 4)

- 500 TC-Sateen bed sheets made from both Supimat®rCand Egyptian Cotton
had approximately the same tensile strength (Figure

- Special cotton blend 500TC-Sateen bed sheets Feribintensile strength than

Supima® or Egyptian bed sheets ( 45% lower in vampction and 28% lower in

filling direction)
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Figures 6 and 7 illustrate the fabric tear strerigtithe 300 TC-Standard bed sheets, and
the 500 TC-Sateen bed sheets, respectively. Thég@tustrated in these Figures can be

summarized as follows:

300TC-Standard bed sheets made from Supima® Cb#drhigher tear strength

than all other bed sheets of this type in botmA B directions (Figure 6)

- 300TC-Standard bed sheets made from Egyptian ¢Btdyester fiber blend had
lower tear strength than all other 300TC-Stand&di $heets in both warp and
filling directions (Figure 6). This was partiallyt@buted to the abnormally weak
yarns produced from this blend as shown in AppeBdix

- 300TC-Standard bed sheets made from regular ch#tdriower tear strength than
ELS cotton sheets (11% less in warp direction &% dess in filling direction in
comparison with Supima® Cotton 300TC-Standard teets)

- 500TC-Sateen bed sheets made from Supima® Cottbndraparable tear
strength to those made from Egyptian cotton. Mpeesically, in warp direction,
fabrics of Supima® Cotton sheets were lower in stig@ngth than those of
Egyptian Cotton Sheets; but in weft direction, febiof Supima® Cotton sheets
were higher in tear strength than those of Egyplatton Sheets because
Supima® Cotton sheets have more yarn in weft doedhan other sheets have.

- 500TC-Sateen bed sheets made from the speciahddtod had lower fabric

tear strength than the other two fabrics (21%-42%omparison with Supima®

sheet)
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4.2.1.3.2 Abrasion Resistance

Two types of abrasion test were performed in thudys The first type is called
“Flex Abrasion”. This is a common standard abrasest ASTM D 3885-80)in which a
rectangular fabric sample is flexed or bent agansietallic blade while being abraded at
high speed to create a combination of flexing dmédsion effects. Flex abrasion
resistance is then measured by the number of cgtliésx abrasion to the point at which
the fabric totally fails or breaks. The secondety abrasion test performed in this study
is the so-called “Taber Abrasion”. This is anotbemmon standard tesA$TM D 3884-
80) of abrasion in which a circular fabric samplenisunted on a rotating platform and a
harsh-surface roller is rubbed against the falor circular direction. Taber abrasion
resistance is then measured by the number of cg€l€éaber abrasion to the point at

which the fabric totally fails or breaks.

In the context of durability, abrasion resistanggresents the ultimate test as it
affects both the bulk and the surface integrityhef fabric. Abrasion resistance also
reflects the various strenuous effects that a éadan be subjected to during use and
during washing and drying. In relation to fiber ¢yfabrics made from long, mature, and
strong fibers will typically exhibit higher abrasioesistance than fabrics made from

short, immature, and weak fibers.

4.2.1.3.2.1Flex Abrasion

Figures 8 and 9 illustrate the fabric flex-abragiesistance for the 300 TC-Standard bed
sheets, and the 500 TC-Sateen bed sheets, regheclilie results illustrated in these

Figures can be summarized as follows:
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- Among the 100% Cotton bed sheets, 300TC-Standardeets made from
Supima® Cotton exhibited the highest flex abraswaiije those made from
regular cotton exhibited the lowest flex abrasibig(re 8).

- 300 TC-Standard bed sheets made from Egyptianrg®ityester had the highest
flex-abrasion. This result was expected on the mpidbat polyester fiber has
exceptionally high abrasion resistance (Figure 8).

- 500TC-Sateen bed sheets made from Supima® Cottohieed approximately
10% higher Flex-Abrasion Resistance than those rfradeEgyptian Cotton
Sheets (Figure 9)

- 500TC-Sateen bed sheets made from Special cotowl béxhibited lower Flex-
Abrasion Resistance than the other two sheetstamaki 21% lower in

comparison with 500TC-Sateen bed sheets made fugm@&® cotton (Figure 9)
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Figure 8 Comparison of Fabric Flex-Abrasion Resistance of Four Comparable 300 TC-Standard Bed Sheets made from
Different Cotton Types

46



B Hex-Abrasion A-Direction
[0 Hex-Abrasion B-Direction

Number of Cycles te Fallure

100% Egyptian Cotion- 500  Spedial Cotion Blend 500  Supima Cotion-500 TC-
TC-Sateen TC-Sateen Sateen

Fabric Type

Figure 9 Comparison of Fabric Flex-Abrasion Resistance of Three Comparable 500 TC-Sateen Bed Sheets made from
Different Cotton Types

4.2.1.3.2.2Taber Abrasion

Figures 10 and 11 illustrate the fabric flex-abwvagiesistance for the 300 TC-Standard
bed sheets, and the 500 TC-Sateen bed sheets;treslye The results illustrated in

these Figures can be summarized as follows:

- Among all the 300 TC-Standard bed sheets, Supimat® sheets exhibited the
highest Taber abrasion resistance (Figure 10)

- Both regular cotton sheets and Egyptian cottongxibr sheets failed
approximately at half the same number of Tabersamecycles as Supima®

Cotton sheets (Figure 10).
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- Among all the 500TC-Sateen bed sheets, Supima®gstieets exhibited
slightly higher Taber-Abrasion Resistance than EgypCotton Sheets (4%) and
Special cotton blend sheets exhibited lower Tab@iasion Resistance than the

other two sheets (by 14% in comparison with Su@rseheet)-Figure 11
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Figure 10 Comparison of Fabric Taber-Abrasion Resistance of Four Comparable 300 TC-Standard Bed Sheets made from
Different Cotton Types
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Figure 11 Comparison of Fabric Taber-Abrasion Resistance of Three Comparable 500 TC-5ateen Bed Sheels made
from Different Cotton Types
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4.2.1.3.2.3Visual Examination of Taber Abrasion Effects

In order to illustrate how the Taber-Abrasion af$eihe different bed sheet
fabrics, we examined the surfaces of the three 608a&teen bed sheets after 500 cycles
by stopping the testing and observing the surfareadje on each sample. Figure 12
shows a comparison between the samples. Givemthéat these sheets were made of
similar construction and finished more or less dguthe impact of Taber Abrasion
becomes directly related to the resistance of it@mabrasion damage. The results shown
in this Figure clearly illustrate significant sujmeity of the 500TC-Sateen Supima®
Cotton sheets over the others as evident by théesmamber of through-damage

(holes) and the overall texture of the fabric af@0 abrasion cycles.

Supima” Cotton Egyption Cotton Spevial cotton blend
500 TC-Sateen Sheets 500 TC-Sateen Sheets 500 TC-Sateen sheels

Figure 12 Comparison of the Status of Bed Sheets Samples after 500 Taber-Abrasion Cycles

50



4.2.1.3.3 Pilling Index

The propensity of fabric to pilling can be cons&teas perhaps the parameter that
most reflect the fiber type used in the bed shé&litng is the formation of balls of fibers
presented on the fabric surface which result ierg poor appearance. A fabric of high
pilling resistance is a fabric made from a durditder that can be spun into yarns leading
to fabrics of high surface integrity. Short, immatuand weak fibers typically have
greater propensity to pilling. Although some aritilpg finish treatments can be applied
to the fabric during dyeing and finishing, thessatments are typically good for a while
as their effects tend to deteriorate over timeaddition, these treatments can add
significantly to the cost of fabric manufacturing.this study, we usedSTM D 3512-96
Standard Pilling test method for pilling resistaacel other related surface changes of
textile fabrics. In this test, the fabric samplsubjected to random tumble pilling test in
which the sample is rubbed extensively againstdstahwhite cotton fabrics and the
fabric surface is observed after testing and coegaith standard pilling pictures
associated with a pilling scale from 1 to 5, witheling the worst pilling case and 5 being

the best or no pilling case.

Figures 13 and 14 show the pilling indexes of thé sheet samples examined in
this study. As can be seen in Figure 13, for tH&T83 Standard bed sheets, Supima®
Cotton sheets showed a superior pilling index imgarison with other bed sheets. For
the 500TC-Sateen bed sheets, both Supima® Cotemishnd Egyptian cotton bed

sheets showed equal good pilling performance asrsimo Figure 14.
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Figure 13 Comparison of Pilling Indexes of 300TC-5tandard Bed Sheets Samples
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Figure 14Comparison of Pilling Indexes of S00TC-Sateen Bed Sheets Samples:
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4.2.1.4 Results of Washing — Drying Durability Test

Perhaps the best test that textile products cahrgagh is the evaluation of
performance change after repeated washing andgicyries. Under these conditions,
the product is put to the ultimate durability tastmany fabrics may undergo adverse
changes in dimensions (shrinkage and skew), losmsile and tear strength, more
vulnerability under abrasion effects, and excespillmg as a result of the stresses
applied during washing and drying. In this sectwa report the changes in these
characteristics for the bed sheets examined irstbdy and for up to 50 washing &

drying cycles.

4.2.1.4.1 Dimensional Changes of Bed Sheets upon Repeated Wiag and Drying

The key dimensional characteristics that are likelghange upon repeated
washing and drying are fabric thickness and fadmga. These two parameters undergo
changes as a result of fabric shrinkage, whichimarily a fiber-related aspect as
different cotton types will shrink at different est With bed sheet products these changes
can be quite serious since bed sheets must fotlandard dimensions depending on the

type of beds used.

In this study, we followeASTM D 1777-64Standard test methods for
measuring thickness of textile materials &#TCC Test Method 135-2003
dimensional Change of Fabrics after Home Launddjfigure 15). In addition, we
performedSKEWNESS test using AATCC Test Method 179-200%kewness Change

in Fabric and Garment Twist Resulting from Autorodiome Laundering.
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4.2.1.4.2 Changes in Fabric Thickness upon Washing and Drying

The results of thickness changes upon repeatedigpahd drying are shown in Figures

16 and 17. These results can be summarized asvillo

All bed sheets have a tendency to increase innkgk as a result of washing and

drying. This is a natural consequence of the féveglling upon water absorption.

- Among all bed sheets tested, Supiroatton bed sheets exhibited the least
amount of shrinkage upon washing and drying folldwisely by Egyptian
cotton bed sheets (Figures 16 and 17).

- Both regular cotton and special blend bed sheeicabncountered significantly
greater increase in thickness. Indeed, for thesectiton types, the fabric
thickness was almost doubled as a result of wasimdgdrying.

- We also tested Supifi@otton bed sheets of different thread counts aw/stio

Figure 18. As can be seen in this Figure, the ochaméabric thickness tends to

dwell off after the first 5 washes.
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Figure 15 Dimensional Changes after Washing & Drying [AATCC Test Method 135-2003 )
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Figure 16 Changes in Fabric Thickness for 300TC-Standard Bed Sheets after Repeated Washing &
Drying [AATCC135)
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4.2.1.4.3 Area Changes of Fabric upon Repeated Washing and Ring

The results of area changes upon repeated wasmihdrging are shown in Figures 19

and 20. These results can be summarized as follows:

As a result of the inevitable shrinkage, all bedeth have a tendency to exhibit a
reduction in area upon washing and drying.

Among all bed sheets tested, Supiroatton bed sheets exhibited the least area
change upon washing and drying followed closel¥byptian cotton bed sheets
(Figures 19 and 20).

Both regular cotton and special blend bed sheeickbncountered significantly
greater reduction in area. These bed sheets sdiffgréo 9% reduction in area
with respect to their original dimensions priomtashing.

It is also important to observe the fabric appeeagaafter many cycles of washing
and drying. These observations clearly reveal $ugimé cotton bed sheets have

maintained excellent integrity after repeated wagland drying.
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Figure 19 Dimensional Changes in Fabric for 300TC-Standard Bed Sheets after Repeated Washing &
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4.2.1.4.4 Fabric Skew or Torquing upon Washing and Drying

Fabric skew is the deviation in weft or warp direcs from the expected right angle of
yarn crossing. The results of change in percent shon repeated washing and drying

are shown in Figures 21 and 22. These results esufmmarized as follows:

- In general, fabric skew did not represent a sigaiit problem in bed sheets as all
sheets examined in this study did not exceed 3%ntaximum acceptable skew
level for most fabrics).

- Among all bed sheets, Supifheotton bed sheets exhibited the least skew upon
washing and drying followed closely by Egyptiantoatbed sheets.

- Again, both regular cotton and special blend bexksfabrics encountered

significantly greater skew. These bed sheets sdfap to 2.5% skew after 50

washing cycles.

& 300TC-Standard 100% Egyptian Cotion-
Shew [%}

@ 300TC-Standard 1% Supima Cotion-
Skew {%}

H 300TC - Standard 100% Regular Cotion-
Slew [%}

Percent Skew
&

Number of Washing /Drying Cydes.

Figure 21 Fabric Skew for 300TC-Standard Bed Sheets after Repeated Washing & Drying [AATCC 135)
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Figure 22 Fabric Skew for 500TC-Sateen Bed Sheets after Repeated Washing & Drying [AATCC 135)

4.2.1.4.5 Physical Changes of Bed Sheets upon Repeated Waghand Drying

In addition to the dimensional changes discusseg&lihe fabric may undergo
changes in its physical properties such as pilstiggngth and abrasion resistance. These

changes were evaluated by testing fabric samplesedch cycle of washing and drying.
4.2.1.4.5.1Pilling Resistance

The changes in pilling resistance for TC300-Stathdbead sheets and 500TC-
Sateen bed sheets after repeated washing and @ngrghown in Figures 23 and 24,
respectively. As can be seen in these Figuresitlieg index for Supim& Cotton bed

sheets and Egyptian Cotton bed sheets tend tasthg same rate after repeated cycles
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of washing and drying while bed sheets made fragnlex cotton or special blends tend

to deteriorate in pilling resistance.
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Figure 23 Fabric Pilling Resistance for 300TC-Standard Bed Sheets after Repeated Washing & Drying
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Figure 24 Fabric Pilling Resistance for 500TC-Sateen Bed Sheets after Repeated Washing & Drying
[ASTM D3512-96)
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4.2.1.4.5.2Fabric Strength

Changes in fabric strength for 300TC-Standard,=0@i C-Sateen bed sheets are shown

in Figures 25 and 26, respectively. As can be se#rese Figures,

- For 300TC-Standard bed sheets, upon washing amgdiil bed sheets
exhibited an increase in tensile strength. Reddéton sheets exhibited the least
increase in strength and both Supin@otton and Egyptian cotton bed sheets
exhibited the highest increase

- For 500TC-Sateen bed sheets, similar trends weserabd. Upon washing, all
bed sheets exhibited an increase in tensile stieSgtecial Blend Cotton sheets
exhibited the least increase in strength and baphirgd® Cotton and Egyptian
Cotton Sheets exhibited the highest increase

4.2.1.4.5.3Abrasion Resistance

Changes in Flex-Abrasion Resistance for 300TC-%tahdnd 500TC-Sateen bed sheets

are shown in Figures 27 and 28, respectively. Asbeaseen in these Figures,

- For 300TC-Standard bed sheets, upon washing, élsbeets exhibited a
decrease in their Flex-Abrasion Resistance (FigudeThis is typically expected
on the basis of wear out of fabric finish providimgre exposed surfaces.
Supima® Cotton Sheets exhibited one of the leamtgbs in Flex Abrasion

- For 500TC-Sateen bed sheets, Special Blend Catieets exhibited the highest
reduction in Flex Abrasion Resistance and Supima®dd Sheets exhibited the

least change in Flex Abrasion Resistance (Figuje 28
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Figure 28 Fabric Flex Abrasion Resistance for 500TC-Sateen Bed Sheets after Repeated Washing & Drying
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Changes in Taber-Abrasion Resistance for 300TCdatanand 500TC-Sateen bed

sheets are shown in Figures 29 and 30, respectikslgan be seen in these Figures,

- For 300TC-Standard bed sheets, upon washing, élsbeets exhibited a
decrease in their Tabor-Abrasion Resistance. Aglais js expected on the basis
of wear out of fabric finish providing more exposedfaces. Supima® Cotton
Sheets exhibited the least change in Taber AbrdSigure 29)

- For 500TC-Sateen bed sheets, similar trends weegnalol as shown in Figure 30.

c T
H !
- = ® Tabor Abrasion-Supima Cotion-300 TC
_E g - oo O Tabor Abrasion-100% Egyptian
[ | . | Cotion-300 TC Standard
| I I I ' | | 4 Tabor Abrasion- Regular Cotion-300
e e B B B TC Standard
100 - I I I |
| |
a T t t
L] pli} 20 30 40 50 Lo 1)

Number of Washing Cycles

Figure 29 Fabric Taber Abrasion Resistance for 300TC-Standard Bed Sheets after Repeated Washing & Drying
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Figure 30 Fabric Taber Abrasion Resistance for 500TC-Sateen Bed Sheets after Repeated Washing & Drying

4.2.1.4.6 Change in Comfort — Related Parameters of Bed Sheetipon Repeated

Washing and Drying

In addition to the changes discussed above, wetedsed two parameters that are
of great importance to consumers as they relatesteomfort characteristics of bed
sheets. These are fabric stiffne8ASTM D 4032-94)and thermal conductivityASTM
D 1518-85). The first one directly influences thetita comfort of bed sheets with high
stiffness yielding a pronounced discomfort. Theosglcone affects the warm feeling of

bed sheets with high thermal conductivity yieldmgher warmth.
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4.2.1.4.6.1Fabric Stiffness

Changes in Fabric stiffness for 300TC-Standard5@I C-Sateen bed sheets are shown

in Figures 31 and 32, respectively. As can be se#rese Figures,

FakricStiffnev (M)

For 300TC-Standard bed sheets, upon washing, @ltbeets exhibited an
increase in Fabric Bending Stiffness. Regular @ogheets exhibited the highest
stiffness and Supima® Cotton Sheets exhibitedaWest increase in stiffness
(Figure 31)

For 500TC-Sateen bed sheets, upon washing, alweets also exhibited an
increase in Fabric Bending Stiffness. Special Bl€otton sheets exhibited the
highest increase in stiffness and Supima® Cottaethexhibited the lowest

increase in stiffness

I
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Figure 31 Fabric Stiffness for 300TC-Standard Bed Sheets after Repeated Washing & Drying
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Figure 32 Fabric Stiffness for 500TC-Sateen Bed Sheets after Repeated Washing & Drying

4.2.1.4.6.2Thermal Conductivity

Changes in thermal conductivity for 300TC-Standard 500TC-Sateen bed sheets are

shown in Figures 33 and 34, respectively. As casdem in these Figures,

- For 300TC-Standard bed sheets, upon washing, upshiig, all bed sheets
exhibited an increase in Thermal Conductivity. i&wg® Cotton Sheets exhibited
the highest increase in Thermal Conductivity.

- For 500TC-Sateen bed sheets, upon washing alltestsexhibited an increase
in Thermal Conductivity. Supima® Cotton Sheets bitad the highest increase

in Thermal Conductivity
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Figure 33 Fabric Thermal Conductivity for 300TC-Standard Bed Sheets after Repeated Washing & Drying
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4.2.2 Knit Shirts

In this part of the study, our focus was on Knittshof known brand names that use
different cotton types for making approximately #ame styles. Knit shirts selected for

this study were obtained from famous retail stooameet the following criteria:

- Same fabric style
- Comparable prices

- Approximately same type of finish

The task to collect these samples was quite dlffasiensuring equality in
commercial products particularly of apparel typeggs represents a challenging issue.
We also used samples of women knit shirts that wexrée by the same company and of
the same style using two different types of cotiifferent types of tests performed on
fabrics, yarns, and fibers are listed in APPENDIXKAit shirts samples used in this
study are listed in Table 10. We should point bdat during testing, all samples were
identified and labeled by the sample code and fasrimation about bed sheet type or
cotton type was revealed. Basic information abauby and fabrics for these samples are

listed in Appendix D through Appendix G.
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Table 10Knit Shirts Samples used in this study

Code

Knit Shirt Type

T1

Men-T-Shirt-Single-Jersey-100% Supima Cotton

T2

Men-T-Shirt--Single-Jersey-100% Egyptian Cotton

T3

Men-T-Shirt--Single-Jersey-100% Regular Cotton

T4

Men-T-Shirt-Lacoste knit100% Supima Cotton

T5

Men-T-Shirt-Lacoste knit100% Egyptian Cotton

T6

Men-T-Shirt-Lacoste knit100% Regular Cotton

T7

Women-Shirt-Single Jersey- knit100% Supima Cotto

T8

Women-Shirt-Single Jersey-Knit 100% Egyptiant@ot

T9

Women-Shirt-Single Jersey-Knit 100% Regular Qmott

T10

Women-Under-Shirt-Lacoste knit100% Supima Cotton

T11

Women-Under-Shirt-Lacoste knit100% Egyptian Cotto

-

T12

Women-Under-Shirt-Lacoste knit100% Regular Cotton

4.2.2.1 Comparison of the Durability of Knit Shirts made from Different Cotton

Types

The concept of durability of knit shirts is quitéferent from that of bed sheets.

Typically, the tensile or tear strength of knitgrshdo not represent major concerns by

virtue of the stretchy nature of these productsaAssult, key durability measures of knit

shirts are:

- Fabric Pilling

- Bursting strength

- Dimensional changes (Shrinkage and skew)
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4.2.2.1.1 Knit Shirts Fabric Pilling

Figures 35 through 38 show the differences inrgjlindexes for the various comparable
knit shirts used in this study. As can be cleaglgrsfrom these Figures tumble pilling tests reveal
superior performance for Supifh&€otton knit shirts of different types. Egyptiarttom knit shirts
was largely equal in performance except for wom&irgjle-Jersey shirts. In all cases, knit shirts

made from regular cotton were inferior in pillingppensity.
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Figure 35 Fabric Pilling for Men’s Single-lersey Knits made from Different Cotton Types
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Figure 38 Fabric Pilling for Women;s Single-Jersey Knits made from Different Cotton Types

4.2.2.1.2 Knit Shirts Fabric Bursting Strength

Ball burst strength is defined as the ability oftem&l to resist rupture by
pressure. It is basically the force required tdutgpa fabric by distending it with a force
applied at right angles to the plane of the fabrider specified conditions. This type of
strength measures is widely used for knit fabmcsiwoven fabrics, and felts where the
constructions do not lend themselves to tensiks.t@he two basic types of burst tests are
the inflated diaphragm method and the ball-burghoet In this study, we tested the

ball-burst strength using ASTM D 6797-02 at a canttate of elongation (Figure 39).

Figures 39 through 42 show bursting strength ofiifferent knit shirts examined

in this study. These Figures clearly indicate sispgrerformance for both Supifia
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Cotton and Egyptian cotton knit shirts. Again, ihcases, knit shirts made from regular
cotton were inferior in ball-burst strength. Petcgifferences between Supifh&€otton
knit shirts and regular cotton knit shirts were thosp to 40%, which is a substantial
difference imposed solely by the fiber type usdusTesult makes it undutiful that the

use of Supima Cotton knit shirts provides an immense advantamy® & durability
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Figure 40. Fabric Bursting Strength for Men’s Single-lersey Knit Shirts made from Different Cotton Types
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Figure41. Fabric Bursting Strength for Men’s Lacoste Knit Shirts made from Different Cotton Types
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Figure 42. Fabric Bursting Strength for women’s Lacoste Knit Undershirts made from Different Cotton Types
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Figure 43 Fabric Bursting Strength for Women;s Single-Jersey Knits made from Different Cotton Types
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4.2.2.1.3 Performance of Knit Shirt Fabrics after Repeated Wahing and Drying

The key index of knit products performance is theihavior after repeated washing
and drying. Most cotton knit fabrics tend to shrgignificantly after washing by virtue of
their construction and the fiber type used. Somts kand to skew where wales lines
deviate from the right angle (or perpendicular mgement) with respect to the course
line. In addition, knit fabrics tend to pill andsi® strength upon washing and drying. In
this study, we washed knit shirts of different typs to 50 times to examine the changes

in their performances. Key performance charactesigxamined in this regard include:

- Thickness change

- Weight change

- Area change (See Figure 44)

- Skew or torquing in fabric (see Figure 44)
- Bursting strength

- Pilling performance
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Area =Wale Length (cm) x Cowrse length {cm)
Skewmness Calculation:

X =100 x {2{AC-BD}/{AC+BD)) —AATCC TestMethod 179-2001
Where:

X =% change in skewness

the right

Figure 44 Dimensional Characteristics of Knit fabric after washing and drying [AATCC Test Method 135-
2003 & AATCCTest Method 179-2001 )

4.2.2.1.3.1Thickness Change upon Washing and Drying

The changes in fabric thickness upon washing ayidgifor men’s single-jeresy
knit shirts, men’s lacoste knit shirts, and womesirgyle-jersey knit shirts are illustrated
in Figures 45, 46, and 47, respectively. In genamlincrease in fabric thickness is
expected upon washing as a result of the inevitatliec shrinkage. These results
indicate that at the first few washing cycles b&tipim& cotton knit shirts and Egyptian
cotton knit shirts were very similar in their parftance as they both exhibited low
thickness changes, and they were both superianitskirts made from regular cotton.
After many washing and drying cycles, Supfheatton knit shirts remained the lowest in

thickness changes after washing and drying.
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Figure 45 Fabric Thickness change of Men’s Single-lersey Knits made from Different Cotton Types after repeated washing
and drying
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Figure 46 Fabric Thickness change of Men’s Lacoste Knits made from Different Cotton Types after repeated washing and
drying
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Figure 47 Fabric Thickness change of Women’s Single-lersey Knits made from Different Cotton Types after repeated
washing and drying

4.2.2.1.3.2Weight Change upon Washing and Drying

The changes in fabric weight upon washing and grfon men'’s single-jeresy
knit shirts, men’s lacoste knit shirts, and womesiigle-jersey knit shirts are illustrated
in Figures 48, 49, and 50, respectively. In genemalincrease in fabric weight is
expected upon washing as a result of the inevitatiec shrinkage. These results
indicate that at the first few washing cycles btipim& cotton knit shirts and Egyptian
cotton knit shirts were very similar in their parftance as they both exhibited low
weight changes, with slight improvement in the Bgypcotton knit shirts. Both types of
shirts were superior to knit shirts made from ragabtton. After many washing and
drying cycles, Supinfacotton knit shirts remained the lowest in weighamges after

washing and drying particularly for men’s singleegy knit shirts and women'’s single-
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jersey knit shirts. For men’s lacoste construckoit shirts, Egyptian cotton shirts were

superior.
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Figure 48 Fabric Weight change of Men’s Single-lersey Knits made from Different Cotton Types after repeated washing

and drying
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Figure 49 Fabric Weight change of Men’s Lacoste Knits made from Different Cotton Types alter repeated washing and
drying
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Figure 50 Fabric Weight change of Women's Single-lersey Knits made from Different Cotton Types after repeated
washing and drying
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4.2.2.1.3.3Area Change upon Washing and Drying
Area change was determined according toAA&CC Test Method 135-2003%

AATCC Test Method 179-2001methods illustrated in Figure 44. The changesimi
area upon washing and drying for men’s single-jekest shirts, men’s lacoste knit

shirts, and women'’s single-jersey knit shirts Htestrated in Figures 51, 52, and 53,
respectively. In general, a reduction in fabricaaiseexpected upon washing as a result of
the inevitable fabric shrinkage. Note that in #periment all fabrics were marked at the
same original area; the change in area was thesurezhafter each washing-drying

cycle. These results indicate that Sugimatton knit shirts exhibited the least area
change among all shirts followed closely by Egyptatton knit shirts. Regular-cotton
knit shirts exhibited a substantial area changeatohg severe shrinkage upon washing

and shrinkage that can amount to a significantctaolu in shirt sizes.
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Figure 51 Fabric Area change of Men's Single-lersey Knits made from Different Cotton Types after repeated washing and
drying
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Figure 52 Fabric Area change of Men’s Lacoste Knits made from Different Cotton Types after repeated washing and

drying
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Figure 53 Fabric Area change of Women’s Single-lersey Knits made from Different Cotton Types after repeated washing

and drying
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4.2.2.1.3.4Skewness Change upon Washing and Drying

Skewness was determined according toAAdCC Test Method 135-2003%
AATCC Test Method 179-2001methods illustrated in Figure 44. Fabric skewngss
known to be a direct result of excessive yarn tarst the tendency of the yarn to untwist
in the knit structure. When different fiber types ased, yarns made from longer,
stronger, and finer fibers can be spun at lowesttthian those made from shorter,
weaker, and coarser fibers. The changes in fakewsess upon washing and drying for
men'’s single-jeresy knit shirts, men’s lacoste khitts, and women'’s single-jersey knit
shirts are illustrated in Figures 54, 55, and B6pectively. In general, an increase in
fabric skew to the right (positive) or the left gagive) is expected upon washing as a
result of the inevitable fabric shrinkage. Thessules indicate that Supiffi@otton knit
shirts exhibited the least skewness among allssfottowed closely by Egyptian cotton
knit shirts. Regular-cotton knit shirts exhibitedubstantial increase in fabric skew
indicating severe dimensional instability upon wagtand drying. Note that the
women’s single-Jersey shirts exhibited an exceptipimigher skew than other types of
shirts. This is because those shirts were madeiexpatally at relatively much lighter

and thinner dimensions than other commercial $jjes.
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After 50 washing cycles
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Figure 54 Fabric Skew change of Men’s Single-lersey Knits made from Different Cotton Types after repeated washing and
drying
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Figure 55 Fabric Skew change of Men'’s Lacoste Knits made from Different Cotton Types after repeated washing and
drying
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Regular Cotion Shirts Change afier 50 washing cycles

Supima® Cotion Shirts Change after 50 washing cycles
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Figure 56 Fabric Skew change of Women's Single-lersey Knits made from Different Cotton Types after repeated washing
and drying

4.2.2.1.3.5Bursting Strength Change upon Washing and Drying
Bursting strength was determined according toA8&M D 6797-02method

illustrated in Figure 39. It was important to maasthis performance characteristic to
determine whether repeated washing and dryingdgasted in any deterioration in knit
fabric strength. The changes in fabric burstingregth upon washing and drying for
men’s single-jeresy knit shirts, men’s lacoste khitts, and women'’s single-jersey knit
shirts are illustrated in Figures 57, 59, and &9pectively. Corresponding changes in
burst elongation are illustrated in Figures 60,81 62, respectively. In general, a
reduction in burst strength and an increase intl@liosigation are expected upon washing
and drying. The results indicate that Supinsatton knit shirts suffered the least change
in burst strength and elongation, followed clodghEgyptian cotton sheets. Regular-
cotton knit shirts exhibited a substantial redutiio ball-burst strength upon washing
and drying.
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Figure 57 Fabric Bursting Strength of Men’s Single-lersey  Knits made from Different Cotion Types after repeated washing
and drying
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Figure 58 Fabric Bursting Strength of Men’s Lacoste Knits made from Different Cotton Types after repeated washing and
drying
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Figure 59 Fabric Bursting Strength of Women's Single-lersey  Knits made from Different Cotton Types after repeated
washing and drying
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Figure 60 Fabric Bursting Elongation of Men’s Single-lersey Knits made from Different Cotton Types after repeated
washing and drying
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Figure 61 Fabric Bursting Flongation of Men's Lacoste Knits made from Different Cotton Types after repeated washing
and drying
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Figure 62 Fabric Bursting Elongation of Women’s Single-lersey Knits made from Different Cotton Types after repeated
washing and drying
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4.2.2.1.3.6Pilling Performance upon Washing and Drying

The changes in fabric pilling upon washing andmgyior men’s single-jeresy knit shirts,
men’s lacoste knit shirts, and women'’s single-jgigat shirts are illustrated in Figures
63, 64, and 65, respectively. In general, an irsea pilling is expected upon washing
and drying. The results indicate that Supinsatton knit shirts suffered no change in
pilling propensity followed closely by Egyptian tat sheets. Regular-cotton knit shirts

exhibited a substantial increase in pilling propgngpon washing and drying.
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Figure 63 Fabric Pilling of Men’s Single-Jersey Knits made from Different Cotton Types after repeated washing and
drying
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Figure 64 Fabric Pilling of Men’s Lacoste Knits made from Different Cotton Types after repeated washing and drying
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Figure 65 Fabric Pilling of Women’s Single-lersey Knits made from Different Cotton Types after repeated washing and

drying

93



Chapter 5. CONCLUSION

5.1 Summary of Comparative Analysis of Fiber Identificaion

In the early part of this study, we examined défarraw fibers using both standard
and non-standard methods. The results of this exa&tion can be summarized as

follows:

These results indicate that Extra-Long Staple ost{e.g. Giza70, Chinese, Pima)
have longer, finer, more mature, and stronger $ilblean medium-staple. These results
can be used effectively to distinguish these twpmaategories of cotton type.
However, within the same category (e.g. within EaSwithin Upland), they are not very
useful in distinguishing one type of fiber from éimer. It was important therefore to use
nonstandard methods of identification. These wieeeXYING TEST, the Viscosity Test,

and the Sonic Test described in the experimentaiose

The results of Viscosity Identification Test foffdrent cotton types clearly indicate
that different cotton types even within the samigorotype category (ELS or Upland)
can be identified using the viscosity test. As barsee in this Figure, Supima® Cotton
exhibits the highest Molecular Weight of all Cotsglas measured by Tappi Viscosity

Method). This translates to

- High and persistent durability from fiber to finesth product
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- More homogenous material (uniform dye uptake amdJariability in quality
parameters)

- Minimum fiber brittleness under hot chemical treahts

The results of molecular orientation reflected oy Sonic test for yarns made from
different cotton types indicate that Supima® cotahibits the highest Molecular

orientation of all Cottons (as measured by the 8pésound). This translates to

- A combination of smoothness and durability
- More consistent dye affinity

- High fiber resiliency

The results of color parameters revealed by theelsteshow that different cotton
types can indeed have different levels of coloapeeters. The problem, however, is that
dye uptake can be dependent on many factors imguer maturity, fiber fineness, and
surface morphology. Accordingly, to claim that thes uptake test is a valid one for
identifying different cotton types may not be scwate unless a large database to

support this claim is available, which outside skepe of this study.

5.2 Summary of Comparative Analysis of Durability betwesn Different Bed Sheets

In this study, we examined many bed sheets witlptimeary goal being to
investigate whether fiber type makes a differemctéhe type of bed sheets consumers

should purchase and use. The investigation was mad® phases:
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Comparative analysis of different bed sheets tteataagely comparable in all
characteristics (yarn properties, thread count,fabdc construction) but differ
only in cotton fiber type

Comparison of the same samples of bed sheetswadtey cycles of washing and

drying

The results of the first phase of this study casurmamarized in the following points:

The results of accelerated extreme durability telstarly indicate that Supima®
Cotton bed sheets are superior to bed sheets madether cotton types in all
durability aspects.

Obviously, a direct correlation between these tesand real-life usage and
applications has to be made very carefully as neagrnal factors may play
significant roles in determining a product perfonoa over time. What we can
say is that bed sheets that fail at lower levelsadling under tear or tension and
fewer cycles under harsh abrasion actions is lik@lail under typical real-life
usage much faster than those that fail at highresileeand tear stress or high
number of abrasion cycles. In addition, fabrictoef pilling propensity will
maintain better appearance upon use than thosglophling propensity.
Supima® Cotton bed sheets have passed the acedlepdteme durability tests
with superior performance to bed sheets made frivar diber types.

Under tension, Supima® Cotton bed sheets weretablghstand up to 10
pounds per inch more than its close competitorEidpgptian cotton bed sheets,
and up to 50 pounds per inch more than bed sheete fnom regular or specially

blended cottons.
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Under tear, Supima® Cotton bed sheets were ablathstand up to 2 pounds
more than the Egyptian cotton bed sheets and 8ptunds more than bed
sheets made from regular or specially blended ostto

Under Flex Abrasion, Supima® Cotton bed sheets wable to withstand up to
200 abrasion cycles more than the Egyptian coteahdheets and up to 400
abrasion cycles more than bed sheets made fronareguspecially blended
cottons.

Under Taber Abrasion, Supima® Cotton bed sheets aele to withstand up to
100 abrasion cycles more than the Egyptian cotezhdheets and up to 200
abrasion cycles more than bed sheets made frontareguspecially blended

cottons.

The results of the second phase of this study essutmmarized in the following points:

Upon washing and drying, bed sheets undergo ingei@mensional and
physical changes. Common inevitable trends incl(tea reduction in fabric
thickness and fabric area as a result of shrink@)en increase in fabric
torquing or skew, (3) potential increase in pilliag) a result of possible fiber
damage caused by repeated washing and tumble d{¢ngn increase in fabric
strength as a natural consequence of the effegétting on cotton fibers, (5) a
reduction in abrasion resistance as a consequétiading of fabric finish and

possible fiber damage, and an increase in falbffoests.

With the above trends being inevitable, the bedtdbeeet is the one that can

survive these effects at a minimum deterioratioitsohppearance and durability. In
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this regard, Supima® cotton bed sheets have prtavba on the top followed closely
by Egyptian cotton bed sheets. Bed sheets madedpeaial blends or regular
cottons have failed the durability tests to suckexeent that any saving in their prices

will certainly be outweighed by their poor performea.

5.3 Summary of Comparative Analysis of Durability betwe=n Different Knit

Shirts

In this study, we examined many knit shirts aswulised in this report with the
primary goal being to investigate whether fibereypakes a difference in the type of knit

shirts consumers should purchase and use. Thetigatisn was made in two phases:

- Comparative analysis of different knit shirts thes largely comparable in all
characteristics (yarn properties, thread count,fabdc construction) but differ
only in cotton fiber type

- Comparison of the same samples of knit shirts afi@mny cycles of washing and

drying

The results of the study can be summarized inabewing points:

- Supima® Cotton knit shirts provides a range of 269%0% advantage in pilling
resistance in comparison with regular-cotton khitts.

- Supima® Cotton knit shirts provides a range of 20942% advantage in
bursting strength in comparison with regular-cotkait shirts.

- Upon washing and drying of 50 cycles, Supima® Gokwit shirts suffered the
least thickness change and the best dimensioralitstavhile regular-cotton knit
shirts suffered substantial shrinkage.
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- Upon washing and drying of 50 cycles, Supima® Go#tit shirts maintained an
excellent pilling performance while regular-cottamt shirts suffered substantial
pilling.

- Upon washing and drying of 50 cycles, Supima® Golwit shirts suffered the
least change in burst strength while regular-cokitihshirts suffered substantial

reduction in burst strength.
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APPENDICES

APPANDIX A: Different Tests Performed in the Study

A. 1. Fabric

15.FABRIC WEIGHT: ASTM D 3776-85Standard test methods for mass per unit
area (weight) of woven fabrics.

16.FABRIC THICKNESS : ASTM D 1777-64Standard test methods for measuring
thickness of textile materials.

17.FABRIC COUNT: ASTM D 3775-85Standard test methods for fabric count of
woven fabrics.

18.FABRIC STRENGTH: ASTM D 5035-95Standard test methods for breaking
force and elongation of textile fabrics (strip noth

19.FABRIC TEAR: ASTM D 2261-96Standard test methods for tearing strength of
fabrics by the tongue (single rip) procedure (canttate-of-extension tensile
testing machine)

20.TABER ABRASION: ASTM D 3884-80Standard test methods for abrasion
resistance of textile fabrics (rotating platforroutdle-head method)

21.FLEX ABRASION: ASTM D 3885-80Standard test methods for abrasion
resistance of textile fabrics (flexing and abrasioethod)

22.PILLING: ASTM D 3512-96Standard test methods for pilling resistance and
other related surface changes of textile fabried®m Tumble Pilling Tester.
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23. THERMAL CONDUCTIVITY: ASTM D 1518-85 Standard test methods for
thermal transmittance of textile materials.
24.BALL BURST: ASTM D 6797-02Standard test methods for bursting strength
for fabrics. Constant-rate-of-extension (CRE): Halrst Test.
25.STIFFNESS: ASTM D 4032-94Standard test methods for stiffness of fabric by
the circular bend procedure.
26.DIMENSIONAL CHANGE: AATCC Test Method 135-2003Dimensional
Change of Fabrics after Home Laundering.
27.SKEWNESS: AATCC Test Method 179-2001Skewness Change in Fabric and
Garment Twist Resulting from Automatic Home Laurioigr
28.COLOR CHANGE: AATCC Test Method 61-2003Colorfastness to
Laundering, Home and Commercial: Accelerated.
» For evaluation:
* AATCC Evaluation Procedure 7: Instrumental Assessment of the
Change in Color of a test Specimen
* AATCC Evaluation Procedure 2: Gray Scale for Staining.
A. 2. Yarn
4. YARN COUNT: ASTM D 1059-89Standard test methods for yarn number
based on short-length specimens.
5. YARN TWIST: ASTM D 1423-82Standard test methods for twist in yarns by
the direct-counting method.
6. YARN STRENGTH: ASTM D 2256-97Standard test methods for tensile

properties of yarn by the single strand method.
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A. 3. Fiber

1. DYING: ASTM D 1464-90Standard test methods for differential dying bétrav
of cotton.

2. STRENGTH: ASTM D 3822-01Standard test methods for tensile properties of
single textile fibers.

3. Fiber Length Analysis-By Yarn and Fiber Extraction

APPANDIX B: Basic Yarn and Fabric Properties of BedSheets (Standard 300 TC)
B. 1. The 300 -TC Plain Bed Sheets are made from:
- Four Cotton Types: ELS Egyptian Giza Cotton, 608yian/40% Polyester,
Supima® Cotton, and Regular Cotton
- Same thread count
- Approximately Same yarn counts in both directions

- Approximately Same yarn twist in both direction

B. 2. The 300 -TC Plain Bed Sheets are made from:

- Thread counts followed the same patterns in A amiit&tions of fabrics
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Figure B.1 Comparison of Fabric Thread Count, Yarn Count, and Yarn Twist of 300 TC Bed Sheet Fabrics
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Figure B.2 Comparison of Fabric Thread Count in Warp and Filling Dvirections of 300 TC Bed Sheet Fabrics
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B. 3. Yarn Strength and Elongation:

Yarns of ELS cotton sheets (ELS Egyptian Giza Gof{tSupima® Cotton ) are
approximately similar in yarn strength (on averd@ cN/tex in A-Direction and
23 cN/tex in B-Direction) .

Yarns of Egyptian cotton/Polyester bed sheets bawgarable strength to those
of 100% ELS cottons (on average 19 cN/tex in A-Biien and 20 cN/tex in B-
Direction)

Yarns of regular cotton sheets are significantlaker than those of ELS cottons
(14 cN/tex)

Yarns of ELS cotton sheets (ELS Egyptian Giza GoftSupima® Cotton ) are
approximately similar in yarn elongation (on age 8.5% in A-Direction and
8% in B-Direction)

Yarns of Egyptian cotton/Polyester bed sheets hadéo elongation in A-
Direction and 11% elongation in B-Direction)

Yarns of regular cotton sheets have significardlydr elongation than those of

ELS cottons (5.7 to 6%)

4. Fabric Weight and Thickness:
All cotton fabrics have approximately the same \eig
Egyptian cotton/Polyester bed sheets were slightbker than ELS cotton sheets.

Regular cotton sheets were 4% thinner than EL®rsheets
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Figure B_3 Comparison of Yarn Strength and Elongation in Warp and Filling Directions of 300 TC Bed Sheet Fabrics
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Figure B.4 Comparison of Fabric Weight and Fabric Thickness of 300 TC Bed Sheet Fabrics
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APPANDIX C: Basic Yarn and Fabric Properties of BedSheets (Sateen 500 TC)

C. 1. The 500 -TC Sateen Bed Sheets are made from:

- Three Cotton Types: ELS Egyptian Giza Cotton, Sgdgliend Cotton, and
Supima® Cotton

- The Special Cotton Blend was not fully identifiedtihe label. Our testing
revealed that it is more of a regular and Uplakd-totton and some Unknown
ELS model. This was revealed by a clear bi-modatitfiper length distribution

- Same thread count

- Same yarn count

- Same yarn twist

B Thread Count

O Yarn Count {Ne}-A-Direction

[ Yarn Countt {Ne} B Direction

E Single-Yarn twist {ipi}-A Direction

OSingle-Yarn twist {ipi}-B Direction

100% Egyptian Cotion-500 Special Cotion Blend 500  Supima Cotion-500 TC-
TC-Sateen TC-Sateen Sateen

Figure C.1 Comparison of Fabric Thread Count, Yarn Count, and Yarn Twist of 500 TC Sateen Bed Sheet Fabrics
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C. 2. Yarn Strength:

- Yarns in both Supima® Cotton sheets and Egyptiato@&sheets had
approximately the same yarn strength

- Special cotton blend sheets had lower yarn strethgtin the other two fabrics

(20%-23% in comparison with Supima® sheet yarn)

30 T

28 —
=
= I
224
£ |
3
g2
in
L3 !
w20
= B B
= i W Yarn Strength [g/tex])-A Direction
=
£ 1 Yarn Strength {g/tex)-B Direction

16

14 |

2 -

i

100% Egyptian Cotton-  Special Cotton Blend-  Supima Cotion-500 TC-
500 TC-5ateen 500 TC-5ateen Sateen
Fabric Type

Figure C.2 Comparison of Yarn Strength in Warp and Filling Directions of Fabric of 500 TC Sateen Bed Sheets

C. 3. Yarn Elongation:

- In Warp direction, yarns in Supima® Cotton sheets higher breaking
elongation than yarns in Egyptian Cotton Sheets

- In Weft direction, yarns in both Supima® Cotton etiseand in Egyptian Cotton

Sheets had approximately the same yarn breakomgation
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- Special cotton blend sheets had lower yarn eloogdhan the other two fabrics

(23%-30% in comparison with Supima® sheet yarn)

B Yarn Hlongation%-A Direction

1 | O Yarm Hongation%-B Direction

Yran Bresking Elongation *%)
o

100% Egyptian Cotton-500  Special Cotion Blend 500  Supima Cotton-500 TC-
TC-Sateen TC-Sateen Sateen

Fabyic Type

Figure .3 Comparison of Yarn Elongation in Warp and Filling Directions of Fabric of 500 TC Sateen Bed Sheets

C. 4. Fabric Weight & Thickness:
- The Three Fabrics exhibited approximately the senight

- Supima® Cotton sheets had slightly lower thickrtess the other two types
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APPANDIX D: Basic Yarn and Fabric Properties of Mens Single-Jersey Knits
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Figure .1 Fabric Thickness and Weight-Single lersey Men’s Knit Shirts
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Figure D4 Fabric Count for Single lersey Men’s Knit Shirts

APPANDIX E: Basic Yarn and Fabric Properties of Meris Lacoste Knits
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Figure E.2 Yarn Count and Twist for Lacoste Men’s Knit Shirts
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Figure E.3 Yarn Count and Twist for Lacoste Men’s Knit Shirts
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Figure E.4 Yarn Count and Twist for Lacoste Men’s Knit Shirts
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APPANDIX F: Basic Yarn and Fabric Properties of Wonen’s Lacoste under Knits
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Figure F.1 Fabric thickness and Weight for Lacoste Women’s Knit Shirts
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Figure F.2 Yarn Count and Twist for Lacoste Women’s Knit Shirts
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APPANDIX G: Basic Yarn and Fabric Properties of Wonen’s Single-Jersey under

Knits
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Figure G.1 Fabric Thickness and Weight for Single-lersey Women's Knit Shirts
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Figure G.2 Yarn Count and Twist for Single-lersey Women’s Knit Shi
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