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Laundering Shrinkage of Woven
Lyocell and Lyocell Blended Fabrics

ABSTRACT

Recent developments in finding new solvents for cellulose
and the production of a new generation of man-made cellulosic
fibres under the generic name ryocell/ are believed to
overcome the shrinkage problem associated with viscose rayon
fabrics. The purpose of this study was to investigate whether
lyocell and lyocell blended fabrics can be laundered without
excessive shrinkage rather than be dry-cl-eaned, and if so,
what laundering conditions would control the l_evel of
shrinkage within acceptabl-e rimits. A second objective was to
determine whether enzyme finishing changes the level- of
shrinkage observed during subsequent laundering.

Three woven chambray fabrics with similar fabric
constructions \^/ere selected f or this study. Their f ibre
contents were 100% Tencel, 60/40 cotton warp/Tencel weft union
blend and 100% cotton. The effect of the forrowing four
laundering treatments were assessed: hand or machine washing,
20 or 40 0c washing temperature, tumbre drying or dryíng flat,
and l- or 5 laundering cycles. A fifth independent variable was
added by submitting the two tyocell containing fabrics to
enzyme finishing prior to laundering. The effect of the four
laundering conditions and enzyme finishing on the v¡arp and
wef t shrinkage l-evels was d.etermined by f ull_ f actoriar
statistical analysis. fn addition, certain geometric
dimensions, such as inter-yarn distance and crimp heighc/ \,{ere
measured microscopically on fabric cross-sections before and
after the most severe laundering conditions.

The level of observed shrinkage varied from 0 to 5å
depending on the type of fabric, the fabric direction, the
laundering condition and the enzyme treatment. rn the warp
direction, the 100? cotton fabric had more shrinkage than the
blend, which had more shrinkage than the l-00% Tencel fabric,
whereas in the weft direction, the reverse was found. The



results also indicated that machine rather than hand washing,
and 5 rather than 1- laundering cycle contributed to
significantly more shrinkage, whereas the drying method, and
washing temperature had less effect. Enzyme finishing was
found to improve the dimensional stability of the two lyocell
fabrics during laundering. The observed changes in inter-yarn
distance correlated with the measured fabric shrinkage
results, and usually, the changes in warp and weft crimp
height could be explained by the established theory of
rel-axation shrinkage. However, crimp heights for the 100U
Tencel fabric increased during laundering pointing to possible
changes in yarn diameter and yarn structure and fibre
migration.

In conclusion, lyocell and lyocell blended fabrics have
the potential to provide dimensionally stable light weight
fabrics with less laundering shrinkage than equivalent cotton
fabrics. However, appropriate finishing conditions and a post-
finishing enzyme treatment may be needed to ensure that
laundering shrinkages remain within acceptable level_s.

t- l_
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CHAPTER 1

TNTRODUCT]ON

Rayon, the first man-made fibre was produced as early as

1,832 ( Tortora , I9B7 ) . It initiall-y came into the market as an

inexpensive substitute for silk, for rayon first appeared as

a silk-like fustrous filament. Ravon is made from coLton

finters and wood. pulp lcellulose) , and has many

characteristics of cotton and 1inen. The manufacture of

"Artificial SiIk" by Chardonnet, in 1891 marked the beginning

of commercial- production. By l-905, the Samuel Courtauld

Company (UK) \^/as in serious production of viscose yarn by a

process fundamentalty similar to that still- used today.

Events in the further development of the viscose process were

colour pigmentation (7926) | cut staple fibre (L934), tyre
reinforcement yarn (1-935), improved tyre yarn (1956), crimped

yarn (1957), high-wet-modulus fibre (1965) and hol-low fibre
(1"976) (Ford, l-991b). Viscose fibres not only have some unique

properties particularly for cl-othing but also for hygiene and

non-woven products. Production of viscose fibres is limited
mainly by the heavy investment required to meet the needs of

environmental- protection (Nousiainen/ 1-993 ) .

The world production of rayon fibres continued to grow

until 1973, when various competing synthetic fibres caused



pressure on many of its market outlets. For decades/ rayon was

misunderstood as a "cheap" substitute for cotton (Greenfield,

19BB). The rayon price is L5Z-452 lower than that of cotton.

In mid-l-980's, the European fashion world took a second look

at rayon (Textile Worl-d, 1-989), and this time/ rayon's rose to

popularity quickly as apparel designers discovered its
inherent characteristics, namely its "natural-" hand, soft

drape, vivid colours and comfort to v/ear, which are perfectly

suited to today's fashion.

1.1 Problem Statement

While rayon has some unique aesthetic and comfort

properties, which are preferred by consumers / rayon afso has

some disadvantages (Lyle, I9B2; 'rRayon", 7977). The biggest

problem is shrinkage. Because the v¡et modulus and strength of

rayon fibre are low, rayon fibres or yarns are easily

stretched when wet (Bonnet, 7946) and if dried under tension

remain in an extended condition until wet again. This

obviously is a potentiaf cause of fabric shrinkage, which can

easily occur during laundering. Some rayon crepe fabrics have

been known to shrink as much as 25>" afLer laundry. A degree of

shrinkage of over 2Z ( "shrinkage" , 1984 ) wil-l alter the fit,

of most garments and will be readily noticed by consumers

wearing tight and form-fitting garments. The shrinkage

tolerance of most garments made of woven fabric is 2.52

(Powderly, I978). Excessive dimensional change can make a



garment physically unwearable and shrinkage in fabrics can

cause a variety of problems for the finisher, garment maker

and wearer such as :

Seam puckering that cannot be pressed our;

Garment distortion and discrepancy from intended sLze;

Rrrhl-l'ì 'i nrr nf nl aaf ad nenol cyruq Lvu yqrre¿Ð /

Delamination of fusible interlininss;
Deteriorating appearance in wear and laundering.

Consequently consumers consider shrinkage to be a

critical performance criterion. The cost of shrinkage to the

apparel manufacturer can be high in terms of lost repeat sales

(Bannasch, L9B7 ) . Woven rayon and rayon bl-end fabrics in light
(be1ow 150 g/m2) and medium weights (150-200g/m2) are popular

f or manuf acturing linings and v¡omen / s bl-ouses, dresses and

skirts. Traditionally, due to problems of high laundering

shrinkage, which is over 2.02 (CAN/CGSB-86.1-M9l-), apparel

manufactìJrers have attempted to minimize complaints and the

number of returned goods by labell-ing such garments "DRY CLEAN

ONLY". Dry cleaning is essentially a non-aqueous process/

which causes less shrinkage than wet cleaning does (Rhodes,

1970a¡. But this pract.ice is not desirable or convenient for
the ultimate consumer, particularly when certain blend levels
with more dimensionally stable fibres, and new types of

solvent-spun cellulosic fibres, such as lyocell, can be washed

without unacceptable shrinkage levels. Also some consumers



prefer the economy of buying washable garments ("writing ã,,,

1984 ) .

fn order to control shrinkaqe and manufacture
satisfactory garments, first, of atl the mechanism of fabric
shrinkage had to be better understood. The basic mechanisms

that controf the change in fabric dimensions aïe relaxaLion
shrinkage, swelling shrinkage and progressive shrinkage. As

early as the 1930's, researchers (collins, J-939; peirce, rg37)

had studied the principres of shrinkage and proposed methods

to control it. Traditionally, two basic methods can be applied
in controlling the shrinkage of rayon fabrics (pov/ers, rg49).
They are chemical . treatments lresins ) and mechanical_

treatments. Both resins and mechanical treatments can produce

a washable fabric (pfeffer, l94B¡, but they both have

disadvantages. Using a resin finÍsh, the desirable aesthetic,
handling properties, and tear strength are often sacrificed,
while the mechanical- treatments oft.en cause excessive yardaqe

loss.

Naturally, one of the main objectives of developing a new

kind of rayon is to reduce the tevel of fabric shrinkage.
There have been a number of attempts over the years to spin a

better rayon fibre with improved dimensional stability,
particularly under wet conditions. More recently, research
into finding more desirabl-e solvents for cellul_ose (Turbak,

L977 ) has generated the development of a new type of solvent
spun cellul-osic f ibre (Loubinoux, 1,987 ) with attractive



properties compared v¡ith viscose/ modaf/ high wet modulus

rayon, and cotton fibres (Cole & Jones, 1990).

The ne$¡ process of sol-vent-spun celrur-osic fibre is
different from conventionar viscose rayon processing. rn this
nev¡ process/ no chemical reactions are involved, and virtually
all of the dissolving agent is recovered with minimal,

nonhazardous effl-uent (Rudie, 1993) . The ryocerr process is
simpler and more environmentatly friendty (Marini , rg93), and

Lhe resultant fibre has the natural_ absorbency and comfort of
cotton and the strength and ease of care of a synthetic fibre.
Fabrics manufactured from lyocetl fibres have very low

shrinkage, i.e. only about 2eo in the warp and weft directions
(Clark, 1992) .

To assist apparel manufacturers in determining the
appropriate care fabels to be attached to apparel items made

from these fabrics there is a need for guidance about what

possible cleaning conditions (washing /d.rying/pressing or dry
cleaning) might be satisfactorily achieved wit.h certain fibre
types, blend level-s, f abric weights and types of v¡oven

construction.

Given that fabrics woven from new i-00% solvent spun

cellulosic fibres and from blends of tyocell with cotton are

less susceptible to progressive shrinkage during repeated

washing and drying cycles, there is a need to understand the
mechanism responsible for this improved performance,

particularly in terms of the level of fibre swelling (hygral



expansion) / the changes in fabric geometry over repeated

cycles, âs well as defining the characteristics of the

"stabilized" structure when the fabric has reached its
shrinkage limit.

I.2 Objectives of the Study

fn order to assist the garment manufacturer in
determining the appropriate care labefs and help consLrmers

take better care of their garments made from lyocelr fabrics,
it is necessary to identify and priorLze those variabres that
influence the level of fabric shrinkagie, particurarly those

conditions that cause an unacceptable level of 2eo or greater

according to the canadian Labelling standard (cAN/ccsB-86.1-

M91) .

To meet this objective the following independent

variables, which are considered the most likel-v parameters to
cause shrinkage, will be tested:

Washing method;

Washing temperature;

Drying method;

Number of laundering cycles.

In this study, three fabrics made from 100U Tencel,

cotton/Tencel blend, and 100% cotton will- be selected and

laundered using 16 different conditions. The mean shrinkage

va]ues for these l-6 laundering treatments will be calculated,
and compared to the acceptable shrinkage criteria of 2eo



(cAN/ccsB-86.1--M91). rn addition, a full factoriar statistical
analysis will- be used to determine which independent variabtes
influence the lever of fabric shrinkage. The independent

variables and the interactions which possess a significant
effect on the l-aundering shrinkage witl be analyzed in detait.
By including the type of fabric as another independent
variable, the effect of weaving different fibres in the warp

and weft directions on shrinkage v¡ill- also be analvzed bv

using a fr,rl-I f actorial analysis .

To obtain lyocell's soft and l_uxurious hand, (clark, 7992)

together with its excellent drape characteristics, ârì enzyme

treatment is often recommended for lyocell fabrics. rn this
study, the 100% Tencel, and cotLon/Tence.l_ blend fabrics wifl
be enzyme treated and then laundered. The resultant shrinkages
wilf be compared with those which have not endured enzyme

treatment although laundered under the same conditions.
rn order to understand the shrinkage mechanism in more

detail, the cross-sectional dimensions of those fabrics which
have the highest laundering shrinkage will be determined by

encapsulating the fabric in resin and cutting thin sections
with a microtome. Two parameters, inter-yarn distance and

crimp height, will be measured using a microscope fitted with
an eye-piece micrometer, so that the geometric structural
changes during laundering and enzyme treatment can be

identified. rt is hoped that the results of this study will
help manufacturers control shrinkage, minimize returns, ârid



help consumers take proper care of garments produced from
lyocell and lyocell_ bl-ended fabrics.

1.3 Hypotheses

Hor: The shrinkages of 100u lyocel1, lyocell/cotton blend and

l-002 cotton fabric after laundering wi_Ll not exceed 2eo in
either direction.

Hor: There is no significant difference in the shrinkage of
1002 lyocell, ryocell/cotton blended and 10oz cotton fabrics
when using different:

A. Washing methods;

B. Washing temperatures;

C. Drying methods;

D. Number of laundering cycles.

Hor: The fibre content in one yarn direction does not affect
the shrinkage in the other varn rl.iroorïn¡.

Hor: The enzyme treatment has no signifÍcant effect on the
shrinkage of lyocell and lyocerl blended fabrics.

Hou: There is no significant difference in qeometric
structural chanqes:

A. Before and after laundering;
B. Before and after enzyme treatment.;



C Before and after laundering

treatment.

of the fabric after enzvme

l-inear dependent relationship of

fabric specimen on the shrinkage

of inter-varn distance.

Hou: There is no significant
the shrinkage measured from

cal-culated from the changes

The hypotheses wirf be tested using the data obtained by

testing the lyocerJ-, lyocell bl-ended and cotton f abric
samples in the Textile Laboratories at the university of
Manitoba.

L.4 Outline of Thesis

The current chapter contains the introduction of the

thesis, the problem statement, the objective, justification,
and hypotheses, as well as a list of relevant terminology. The

next chapter contains a literature review which describes

previous research on shrinkage, methods for controlling and

measuring shrinkage, and the development of the new solvent-
spun cellulosic fibre, called lyocelt. As we]1 as incruding
the history, manufacturing process and properties of lyoce11

fj-bres, the chapter introduces the performance, application
and market of lyocell derived fabrics. The description of the

fabrj-cs received, details of the experimental design of the
laundering and enzyme treatment studies, âs wel_l as

descriptions of the methods used. to measure the fabric



properties/ to perform the laundering and enzyme treatments,

and to undertake the statistical analysis / are al-l- included in

Chapter 3. Chapter 4 reports on the results of the experiments

and the discussion of resul-ts as well as the rejection or

acceptance of hypotheses. The final chapter contains the

conclusion and recommendations of the study.

1.5 Terminology

1. Rayon is A manufactured fibre composed of regenerated

cellulose, as well as manufactured fibres composed of

regenerated cellulose in which substitutes have replaced not

more than 15 percent of the hydrogens of the hydroxyl groups

(Grover e Wiggins, 7964).

2. Lvocell is the generic name for a nev/ cellulosic fibre
according to The Internat,ional Bureau for the Standardisation

of Man-made Fibres (BTSFA) which is obtained by an organic

solvent-spinning process/ using a mixture of organic chemicals

and water and without the formation of a cellulose derivative
(Marini, 1.993) .

3 . Tence} is Courtaulds' registered trade mark for lyocett
fibres.

4. Launderinq is a process intended to remove soils and/or

stains by agitating a textil-e material j-n an aqueous detergent

solution, and normally including rinsing, extraction and

drying (AATCC Test Method 135-7981).

5. Laundering shrinkaqe represents a decrease in the length or
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width of a fabric specimen subjected to specified washing and

drying conditions. Laundering shrinkage of cel-lulosic fabrics

can be explained by three concepts i.e. relaxation shrinkage,

progressive shrinkage, and swelling shrinkage.

6. Relaxation shrinkaqe (Lyle, 7977) is the tendency of the

fibres and yarns to revert to their normal unstretched

dimension.

7. Proqressive shrinkase (Lyle, 1977) is the accumufation of

shrinkage through successive laundering cycles until the

fabric reaches its shrinkaqe timit.
B. Fabric Swellinq shrinkage means that fabrics containinq

hydrophilic fibres shrink and stretch reversibly depending on

their moisture content, the level of fibre hygral expansion

and the l-evel of yarn shrinkage. Figure 1A represents a warp

yarn in the cross-section of a dry cloth interlacing with

three weft yarns. If the weft, yarns increase in diameter when

the fabric becomes wet (Figure 1B), there is a tendency for
the weft threads to move together, resulting in fabric
shrinkage and a reduced inter-yarn distance (Collins r 7939).

9. Yarn shrinkage means that when the fibre diameter increases

due to hygral expansion, most yarns will also increase in
diameter (Collins, 7939). Because fibres in a staple spun yarn

l-ie both in the l-ongitudinal and the circumf erential
directions of the yarn bundle, âfly increase in spun yarn

diameter will increase the distance that an individuat fibre
must travel- in the circumferential direction without
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stretching. Since viscose rayon fibres experience only

marginal increases in length, there is a net, reduction in the

longitudinal distance travelled by each fibre. This reduction

in longitudinal distance results in a shortening of the yarn

length, ârì increase in yarn twist angle, and overal_I fabric
shrinkage. The only exception is for very soft and open yarns

where each fibre can swell without touchinq its neiqhbours. In

this situation, the yarn wil-l not increase in diameter when

T.7ô 1
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Fiqure 1. A geometric explanation of fabric swelling shrinkage.

10. Hyqral expansion is the swelling of hydrophitic fibres
during fabric steaming or wetting (Ly, Denby, and Hoschke,

19BB ) .
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1l-. Shrinkaqe linit is the point at which no further decrease

in the length or width of a fabric occurs as a result of an

additional launderinq cycles.

1-2. Fibril-lation means the peeling off of fibrils along the

fibre surface of individual fibres swol-len with water induced

by mechanical stress (Marini, 1993) .

I.6 Assumptions

'l The reqne.'f i-'a f il.rra ^-onerties nf TenCeI and COttOn afer vuYev

the same in the three fabric samples.

2. The three fabrics are woven from the same type of Tencel

and cotton yarns with the same respective yarn properties.

3. The Tencel and cotton yarns are spun on the same spinning

system.

L.7 Limitation of the Studv

This study is limited to plain \^zeave lyocell,
TyoceLL/cotton union blend, and cotton fabrics. Since the

fabric samples are finished goods supplied by the

manufacturer/ some independent variables, such as fibre
properties, yarn type/ yarn twist., fabric cover factor, and

the finishing processes/ cannot be controlled. Because the

fabric specimens without and after enzyme treatment are

laundered at two distinct times, the specimens are not totally
randomized.
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CHAPTER 2

LITERATURE REVIEW

2.7 Mechanisms of Fabric Shrinkaqe

Garments made of rayon fibres, while quite desirable in
many respects, suffer the disadvantage of a high degree of
shrinkage during washing unless the fabric is finished and

laundered properly (scott , 19s9). Fabric shrinkage has been

studied by many researchers over the years, and has been found

to be infl-uenced by fibre properties, yarn structure, fabric
construction, finishing processes/ washing conditions, and

laundry l-oad (Lund & waters, 1959; Marsh, 1966; Morton &

Hearl-e, I975; Peirce, 1937; Ukponmwan, 1990).

Peirce (1937 ) was the first to use pure geometry to
describe the relationship between yarn crimp and cl_oth

construction, and to show theoretically how shrinkage occurs
when yarns are \^/oven into a fabric. peirce pointed out that
crimp height which determined the shrinkage was dependent on

yarn number, fabric density and fabric weave. collins (1939)

studied the fundamental principles of the shrinkage of cotton
fabrics caused by washing, and. explained the swelling
shrinkage of fibre, !ârrr and fabric. He pointed out how fabric
shrinkage v¡as associated with the swelling of fibres and the
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increase in yarn diameter when a fabric becomes wet. rf the
\,ì¡arp and f illing threads v/eïe to retain their original
spacings, they would have to increase in rength or to be

stretched. Tn the absence of the force required to stretch
them, they follow the path of least resistance and the threads
move together, resulting in fabric shrinkage.

Bonnet (7946) reported that rayon fibres or yarns \^/ere

easily stretched in the swollen state, and, if dried under
tension, remained in an extended condition until wet again.
This obviously was a potential cause of fabric shrinkage,
which could easiry occuï when wetting and drying fabrics under
different tensions.

Lund and waters (1959) investigated the laundry shrinkage
of rayon f abrics, and reported that shrinkage \^/as due to three
different mechanisms which were referred to as: swelling,
relaxation, and progressive shrinkage. Fibres which undergo 53

extension when stressed at 0.3-0.4 g/d.en or less are likely to
suffer progressive shrinkage when washed vigorously. yarn

twist, twist direction, denier, staple length, fabric
construction, and type of weave will_ all_ affect the amount of
progressive shrinkage. Lund and waters also pointed out that
the laundry l-oad had a great inf ruence on the level_ of
shrinkage. shrinkage with an B pound, ( 3 . 6 kg ) r-oad v¡as

considered to represent an approximate measure of swelling
shrinkage, and that t.he additional shrinkage experienced due

to the greater movement and agítation of the fabric usins a 1
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pound ( 450 g ) l-oad was berieved to measure the leve] of
progressive shrinkage. These f indings \¡¡ere supported by scott
(1959) who studied the washing shrinkage of 6 different fibres
including rayon. He reported that the dirnensional- stabil-ity of
a fabric after repeated washing was not solely dependent on

fibre swelring. The resistance of the fibre to stretching when

wet had a large influence on the control of fabric shrinkage.
For example fabrics made from fibres which require a load of
0.5 grams/denier or higher to produce an extension of 5% while
wet exhibit no appreciable progressive shrinkage. on reviewing
the l-iterature, ukponmwan (1990) stated that the mechanism of
fabric shrinkage was influenced by five different fibre
properties, namely:

- Transverse swelling in water;

- Extension and modulus (dry and wet);
- whether it is in staple for or continuous filaments;
- Set,ting properties;
- Flexural rigidity (crímp inter-change).

2.2 Controlling Shrinkage

Rayon fabric has a reputatíon for high shrinkage. Because

of their extremely low wet strength and high wet elongation,
rayon fibres or yarns are easily stretched during finishing.
When dried under tension, they wil1 remain in an extended

condition until wet again. Rayon al-so exhibits a rarqe amount
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of cross-sectional swellÍng. The cross-section of rayon fibre
can increase by 44-86e" when wet (Morehead, 1,947). rhis aids
the potential reraxation shrinkage of rayon fabric. rn order
to promote the sellíng of rayon fibre in apparel_ end-uses, the
shrinkage of rayon f abric has to be cont,roll_ed. powers (rg46)
reported that resin and mechanical treatments combine to
produce a servi-ceable and washable fabric. The resin
stabil-izes the fabric and sets it so that it can respond to
the mechanícal shrinkage. The mechanicar shrinkage alone may

cause excessive loss of yardage, so the combined use of resin
and mechanical- finishing saves yardage, sets the fabric to the
desired dimensions and controls subsequent shrinkage. To

achieve this, however, desirable aesthetic and handtinq
propertíes and tear strength are often sacrificed.

shapiro and Henschef (1947¡ introduced a seri_es of
equipment and setting cond,itions to stabilize the fabric
shrinkage. They pointed out that it is essential to conduct a

launderi-ng test in order to determine the proper width at
which the fabric must be finished for controrl-ed shrinkage,
and also to check whether the warp has been adequately
stabil j-zed. pf ef f er ( l_948 ) stated that the various
manufacturing and wet finishing operations cause severe
stretching of rayon fabrics, and the excessive radial swelling
of the rayon fibre when wet. These two factors together result
in reraxing during laundering, resulting in high amounts of
shrinkage. pfeffer al-so pointed. out that the most valuable
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means of controlling
reduce fibre swelling

such as glyoxal and

mechanical- treatments

fabric.

the shrinkage of rayon fabrj_cs is to
by treating the fabric with chemicals

cross-linked resins. Both resins and

can produce a stabifized washable

woodruff (1950) stated that when controrring fabric
shrinkage, nine factors have to be considered. These rnclude
the maximum amount of shrinkage control possibl_e, whether or
not crease resistance is required, the cost of treatment and
possibl-e variations of hand. A number of different technrques
used to control shrinkage are listed in Table 1 (woodruff,
19s0 ) .

Table I

Classification Examples

Reactants

Bonding

Chemical modifier

Thermosetting resin
Compressive shrinkage

Formaldehyde

Hydroxyl ethyl cellulose
Alkalis

Urea formaldehyde

Sanforizer

get the bestAlso, these techniques can be combined to
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shrinkage control. Hamburger and Fox (1956) explained the
shri-nkage mechanism of swelling and drying cycÌes, and stated
that shrinkage can be controlr-ed by one of two basic
procedures: either by inhibiting fibre swerling, or by
inducing shrinkage as part of the finishing proceduïe so that
no further shrinkage will occur on subsequent washing. This
second approach introduced the principle of compacting or
preshrinking fabric during finishing.

Marsh (1966¡ has stated that no textife materiaf demands

more care during finishing than rayon. The golden rul_e of
finishing rayon fabrics is to maintai_n tensions at a minimum

and to alfow adequate shrinkage during the rast drying
process; otherwise, a thin papery handle instead of a ful]
body is obtained. rf tensions are not control_led during the
various manufacturing and wet finishing operations, stretching
of rayon fabrics is inevitable, and the excessive radÍal
swelling of the fibres when wet contributes a high l_ever_ of
fabric relaxation shrinkage during laundering. Bannach (1987)
recommended a compressive shrinking machine to stabilize the
fabric's dimensions. The machine is known in the textile
industry as the sANFoR range. sANFoR process has enjoyed a

dominant position in the world. since it was invented 50 years
ago.

An al_ternative way to reduce

fabric is to blend rayon fibre with

the shrinkage of rayon

a low shrinkage fibre,
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such as pol-yester. The earliest theoretical work pubrished
concerninq blended yarns was by Hamburger (L949). since then,
many researchers have investigated the mechanical, dyeing
resistant (Tumer, I99I; Herlant, 1985) and flame resistant
(Bajaj, Chakrapani, Jha, & Jain, ¡-9B4; Nousiainen & Mattila-
Narmi, 7986) properties of rayon fibres br_ended with
polyester. However veïy little work has focused on the
shrinkage of cotton/rayon blend,ed fabrics.

2.3 Measuring Shrinkage

vüilliams (r946) tested the rayon fabric shrinkage and

found out that about 48 percent of the materials had the
shrinkage of over 2z in length, and 15 percent of materiar_s
had a shrinkage in tength of over 5?. He suggested that there
is a pronounced difference between exposure to high humidity
and actual wetting, the first producing extension and the
latter contraction. The first person to photograph cross-
sections of different textile fibres so as to measure and

compare their area swelling was Morehead (1,g47 ) . Later, we10,

Ziifle, and Loeb (1,9s2) used a desiccation rate method to
determine the relative swelling capacities of cotton and other
fibres. They pointed out that existing techniques for
measuringr swelling capacities were tedious and time consuming.

clark and preston (1956) used a centrifuge method to
measure the effect of temperatuïe on the swelling of viscose
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rayon and cotton fibres. They reported that the

temperature/swelling curve for both fibres passed through a

minimum in the region of 50-60 0c. cednas (196r ) investigated
the dimensional- stability of wool fabrics. He stated that the
amount of shrinkage which occurs during making up should be

predictable and capable of being controlled. The dimensional

stability of wool cl-oth, loesides being affected by the cloth
construction, depends on the finishing treatments, of which

the setting operations are particurarly important. This

fundamental issue is not confined to wool only. other fabrics
are equally influenced in the same way by the setting
condition, particularly if the fibre materiar can be set in
its wet swollen state.

More recently, Powderly (I978 ¡ measured Iaundering

shrinkage of both fabrics and garments and found that
different resul-ts can be obtained even if the same methods are

used. Garment manufacturers should measure more than the
initial laundering shrinkage of a fabric during the laundering

test. rn addition standardized laundering methods should be

followed so as to ensure good precision and reliability. The

AATcc Test Method 135 (l-989¡ and the canadian method (cAN2-

4.2-M90, Method 25.1 & 5B) are considered to be satisfactory.

Ly, Denby and Hoschke (l_988) stated that the conventional

wet-dry method to measure both hygral expansion and relaxation
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shrinkage is relatively simple, requiring a minimum of
equipment and expertise. But the required conditioning time is
long, so results cannot be obtained within one working day.

They used a domestic microwave to reduce conventional drying
times. Thus it is possibte to obtain data on relaxation
shrinkage and hygral expansion of a sample in ress than one

hour. The resul-ts obtained with the microwave nethod agree

well with those determined by the conventional wet-dry method.

Þananrr ¡z Baird, Laird and Weedall (7994 ) built anuq¿!u/ lqrr

instrument to measure hygral expansion which consists of a

test chamber mounted in a fan assisted oven. The sample is
suspended inside lhe test chamber from a balance above the

oven. By linking the balance through a serial communications

link to a computer, continuous monitoring of the sample weight

during test is achieved. subsequentry, the relationship
between hygral expansion and moisture regain could be plotted.
The relationship between hygral expansion and yarn twist and

weave construction have also been investigated (Baird, Laird,
and Weedall, L994).

2.4 Development of Lyocetl

In addition to controlling rayon fabric shrinkage by

mechanical treatments, chemical methods using resins
(Bannasch, L987), and blending with low shrinkage fibres,
there have been a number of attempts over the years to spin a
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better rayon fibre with improved dimensionar stabitity,
particularly under wet conditions. fn the i_960,s, modal-, high

wet modurus and polynosic rayon fibres were developed with the

objective of reducing wet shrinkage. More recently, research

into finding more desirable sorvents for cel-lulose (Turbak,

1977 ) has generated the development of a new type of solvent

spun cellulosic fibre (Loubinoux, 7987 ) . This fibre has

attractive properties when compared with modal, high wet

modulus and polynosic rayon fibres luach , 1982; "Washable

silk", 1989).

In 1978 (Clark, L992) , a British research team led by pat

white of courtaulds Fibres Ltd. started a project call-ed

"Project Genesis". rn essence the Genesis team developed a

method of producing a man-made cellulose fibre utilisinq a

solvent spinning techníque. The developed fibres exhibited

properties of a potentially successful commercial- textile

fibre. rn partnership with courtaulds Engineering Division,

the team scaled up the original development work in the

Coventry laboratory by establishing a major pilot plant in

Grimsby, u.K. which started the first commercial production.

The relative complexity and environmental hazards

associated with traditional viscose rayon manufacturinq

methods has stimulated scientists to pursue alternative and

chemically simpler processing routes for the manufacture of
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man-made cellulosic fibres. rt is important that such a

process uses materials which do not create any adverse

environmental effects, and that the properties and performance

characteristics of any resulting products would be at reast

competitive wíth and urtimatety superior to the very best

existing products avail-able in the marketplace. obviously any

such process should ultimatety be developed into a

commercially viable entity, which would yield a profitable

return for both courtaurds and its customers (cote & Jones,

1990 ) .

Since 7982, Lenzing AG (Firgo, 1993 ¡ has been working on

various alternative methods to produce cellulosic fibres. From

L9B6 this research has concentrated exclusively on the solvent

system N -methylmorpholine - oxide /waLer / cell-ul-ose . Because earl_y

experimental results v¡ere encouraging, a continuously working

pilot plant producing 500 kg per day was estabrished in

r9B9/90.

Courtaul-ds believes that man-made ce]lulosic fibres have

a very good long-term future (CoJ-e & Jones, 1990) . They are

based on renewable natural resources which are cuttivated on

land which is largely unsuitable for food production. The

fibres are generally versatile and particularly good where
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moisture absorption is important for comfort and, technical
performance.

courtaulds l-ater gave the developed product t.he name

"tencel", and this was intended to be a generic name for all
such sol-vent-spun cellul_osic fibres (Davies, 1989) . But The

rnternational Bureau For The standardisation of Man-made

Fibres (BISFA) gave this f ibre the generic name r'lysgsfl'.

courtaulds nov¡ uses Tencel- as its own registered trademark.

Tencel is described as one of the most significant innovations

in man-made fibres in the last 30 yeaïs (Clark, L992¡ .

2.5 Lyocell Spinning process

rn sunmary, the process involves mixing dissolved wood

pulp with a chemical sol-vent. The solvent used by courtaulds

is amine oxide. This chemical, when hot, dissolves wood pulp

to produce a very clear but very viscous solution, which is
filtered and then spun into a coagulating bath containing a

dil-ute aqueous solution of amine oxide. The bath removes the

amine oxide from the fibres, which are washed and dried. The

dilute amine oxide from the spj-nning, coagulation and washinq

stages is concentrated by removing water, purified and then
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re-cycl-ed into the process again. Because virtually alt of the

solvent is recovered with minimal, nonhazardous effluent
(Rudie ' 1993), there are therefore no environmental problems

with this process. Figure 1 (lüoodings, 7gg2) shows an outline

of the solvent process.

Process Outline
T¡InnJnrrl nil u uulJ uf tJ

Water .=========*
,.i'

Arnrne oxrde

.i:i.

Mrx

Evaporate
Vater

Prrri f w

I{a shrng

I

ij

Drl-ute
Anine oxideWater 

-
Waste Water
Disposal 

-

I/:r--.--t- -----\
f Ì, lnr. sfl.f ng 

ì\_grys _,
ü

Fibre

DrssoluLron
(Hot)

Fillratron

Fiqure 2. process of solvent-spun fibre
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The fundamental difference between

established and conventional methods

this process and other

of cellulose fibre

any chemical reactionmanufacturing lies in the absence of

with the celtulose structure. No intermediate compound, such

as cel-lurose xanthate, is formed in t.he process.

2 .6 Lyocell Fibre properties

Because the translation of cel-lulose molecules from wood

pulp into textile filaments relies on a physical rather than

a chemical process, there are significant differences in fibre
properties between Tencel and other man-made celfurosic
fibres ¡ süch as viscose rayon. The sol-vent spun process

creates fibres which have a round cross-section. This, coupred

with the smooth surface structure, affects the cohesive

properties and hence the processing performance of the fibres.

The l-ack of chemical disturbance to the cellulose

molecules ensures that the resultant fibre retains a

significantly higher degree of polyrnerisation compared to alt
other types of rayon. yamashiki and Matsui (rgg2) examined the

crystallinity of these new solvent spun cel_lulosic fibres
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using x-ray diffraction anal-ysis, and confirmed that thev have

a more highry crystalline structure than traditional

regenerated cel-lulosic fibres. This in turn leads to

significant increases in fibre tenacity in the dry state.

These differences, however, become especially pronounced in
the wet state where for the first time man-mad,e cel_l-u1ose

staple wet tenacity exceeds even that of r:otton /cn'r e .ç Jonesi

1990; Davidson, Igg3; Davies, ,1989; Raven, 1990 ) . Marini

(1993) has also pointed out that the lyocell process is
simpler and more environmentarly friendly, and the lyocell
fibres have new and improved properties.

fn particular the new sol-vent-spun ceflufosic fibre,
lyocell 1 "4 nev/" , 799r) has low shrinkage. clark (rgg2) stated

that overall, Tencel fibre-derived fabrics have verv low

shrinkage, i.e. only 22 in the v¡arp and weft directions. cofe

(1992) tested the area shrinkage of different blend l-evel of

Tencel/cotton and Tencel/viscose fabrics. The area shrinkaqe

is 2.0-2.42 for Tencel/cotton blends, and 2.8-4.02 for
Tencel/viscose blends. The typical fibre properties of lyocell
are shown in Tabl_e 2 (Cole & Jones, agg}).
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Table 2

Comparative Fibre properties

Tencef Viscose Modal- Cotton pol_yester

l'liddling Egyptian

Linear Density (dtex)

Tenacity (cN/tex)

Elongat ion ( e¿ 
)

Wet Tenacity (cN/tex)

Wet Elongation (9ó)

Wet Modulus

1('l 59Á êYfênqi^n\

Moisture Regain ( eó )

Water imbibition

1,7

40-42

13-15

34-38

16-18

210

11.5

6s

7.7

22-26

20-25

10-15

25-30

50

13

90

100

B

50

z+- ¿Õ

7-9

30-34

'12-L4

110

B

50

l, .7

55-60

25-30

54-58

25-30

270

0.5

3

I.7
34 - 36 20-24

13-15 7-9

19-21 26-28

13 - 1s 12-14

110

12 .5

75

2'7 Lyocell Textile performance and Appl-ications

Tencel fabric is essentialty aimed at the high, designer
end of the apparel market. rt has the natuïal absorbency and

comfort of cotton and the strength and ease of care of a

synthetic fibrer let it is neither cotton nor a synthetic.
Tencel- also resists wrinklíng and can be safely laundered at
home. rts main advantages are listed bel_ow (courtaulds, 1993):

- Stronger than all other cellulosic fibres;
- Exceptional wet strength;
- Blends easily with al_l other fibres;
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Can be spun from coarse to fine counts;

Excellent thermal- st.ability;
Processes easily from fibre to fabric;
wash stabifity results in extremel-y low shrinkage;
Dyes to deep vibrant colours;

A wide variety of hand effects possible;
Luxurious drape;

Desirabl-e subtle l-ustre;

Comfortable, natural absorbent;

- Environmentally responsible and favourabl-e.

commercial Tencel fabric was first introduced in Japan in
December 1990. Market reaction was excellent, and stimulated
more development work and a considerable expansion in the
r¡= r'i al--. ^f ç-lar.i a {-t,na^ Tñvarrery or ralrr-Lu Lypes. rn May 1992, courtaulds Fibre rnc.,s
new Tencel producing facirity in Axis, Alabama, u.s.A. came on

stream. The new plant is l-000 times larger than the pilot
operation in coventry (Rudie, rgg3). while the coventry
facility produced 25 metric tons of fibre a year, the new

plant is expected to produce 20000 metric tons a year. Now

Tencel fabrics are avail-able from very light weight chambray

shirting to heavy weight denims in both Europe and North
America. Tencel fibre j-s also reported (woodings, Lgg2) to be

an excellent fibre for non-wovens, especially for high
strength absorbent non-wovens.

Although lyocell fibres possess some

properties, unfortunately, lyocell fibres have

excel-lent

a strong
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leaning towards surface fibritlation which detracts from the
aesthetic properties of the finished fabric. The effect of
fibrill-ation often causes a harsher hand. The recommended

procedure for resolving this problem is to apply an enzyme

treatment together v¡ith other physical and chemical finishing
techniques, which can be used to obtain a broad varietv of
unique aesthetic effects (ctark, rg92), such as peach skin
effect, sand washed, microveluttino, sofL touch, emerized or
simply the used-look. Furthermore, after enzyme treatment in
combination with mechanical treatments, the extent of
fibrillation is reduced and therefore it is more desirable
(Marini, 1993) . Enzymatic treatments have been used for years

in textile processing and more recently after garment dyeing

to obtain improved fabric softness, better surface appearance

and fashionable l-ooks. rn addition, it has the potential to
sinplify and cheapen the manufacturing pïocess (Di1ler,
Zeronian, Pan and yoon, rg94), especially in denim garment

washing processes/ where ít can be used as an alternative to
stone washing (Koo, Ueda and Wakida, L994).
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CHAPTER 3

MATERIALS/ METHODOLOGY AND EXPERIMENTAL DESTGN

3 .1- Materials

Three f abric samples \^/ere received f rom Greenwood Mill_s,
f nc. , New york , TJ. s . A. The f ollowing table gives the
information provided by the company.

Table 3

abri

Fabric 1 Fabric 2 Fabric 3

Style 05 0540 35 0531 35 0091

Fibre content 100u Tencel 60/40 cotton/Tencel l_oOu cotton
Finish L316 L316 L316

Length (Yards ) 20 Zg 20

Width (rnches) 64.00" 63.00" 60.00,,

For easy identification of these three fabricsr each

specimen was marked v¡ith the fotlowing code in the laboratory:
Fabric 1: T;

FabrÍc 2: C/T;

Fabric 3: C.
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3.2 Fabric Specification

rn order to confirm the fabric specification provided by

the mill, the foltowing seven test procedures and standards

were used.

3.2.1- Fibre Content

rn order to identify the fibres presented in each fabric,
'hìrrñ'i 

-^ +^õl-^rJLrrilrflg Lesrs/ mrcroscopac examination, and solubility tests,
were carried out according to standard method AATCC20-1990.

since the lyocelt fibre is a new fibre, The additional_ reagenr

and different dissolving times are used, the fol_towing three
reagents; 602 sulfuric acid/ concentrated hydrochloric acid,
and zinc chloride/formlc acid/ were used at different
temperatures and dissolving times to assess the comparative

solubility of the fibres in the 3 fabrics together with
standard 100% cotton and 100% viscose rayon test fabrics.

A smal-l sample of the fibres was placed in a test tube,

containing about l- ml- of sorvent per 10 mg of fibre. The

temperature was controlled by preheating the reagent to the
desired temperature in a constant temperature water bath.

since Fabric 2 was a union blend of cotton and Tencel,

the mechanical separation method described in standard test
method AATCC 204 - 1-989 was used to cal_culate the blend level
using the masses of the warp and weft yarns. Five specimens

were cut by a rectangular cutting die. The warp yarns and weft
yarns T¡/ere carefully separated by hand, and weighed separately
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on a scientific balance (sartorius-werke GMBH Gottingen,
Germany) to the nearest milligram. The percentage of the warp

and weft yarns was calculated as a percentage of the combine

mass. rn order to confi-rm the above test result, and in case

of the need to analyze intimate blended fabrics in the future,
a zinc chloride/formlc acid method (cAN2-4.2-MBB, Method i-4.4)

for separating cotton and lyocell fibre chemically was

developed and is listed in Appendix 1.

3.2.2 Yarn Crimp

The yarn crimp \^/as measured according to ASTM D3BB3-90,

option B. Ten yarns in the warp and weft directions of each

fabric \^/ere marked off indicating a distance of 250 mm, pïior
to remova] from the fabric and extension in a crimp Tester
(Shirley Crimp Tester, Shirley Developments Limited, England).

The applied force in grams to remove the crimp was calcul-ated
by multiplying the yarn tex by approximately 0.5. The average

yarn crimp for each set of 10 specimens was cal_culated and

expressed as a percentage of the original 250 mm.

3 .2.3 Yarn Linear Density (Tex)

The yarn number (based on short-length specimen) was

tested according to ASTM D1059 - 87 using the same l-0 yarn

specimens as for the yarn crimp test. The yarn number \,vas

calculated after weighing the total_ yaïn length of all_ ten
specimens on a scientific balance (sartorius-werke GMBH
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Gottingen, Germany) to the nearest 0.1_ mg

3.2.4 Fabric Length (

The length of the

inspection machine at

Yard )

fabrics was measured

Siltex Ltd, Vüinnipeg,

by using a fabric
Canada.

3 .2.5 Fabric Width ( rnch)

The width was measured

measurements were made at
fabric sample.

according to ASTM D3774 - 89. Five

random along the length of each

3.2.6 Fabric Count (Thread per centimetre)

Fabric count \'¡as tested according to ASTM D3775 - 85.

Five measurements v¡ere made for each fabric in both directions
and averaged to the nearest whofe number.

3.2.7 Fabric Weight (Gram/meter2 and ounce/yard2¡

Fabric weight was measured according to ASTM D3776 - 85,

option c. Five specimens were cut (punch presser/ rnstrument

company, rnc. / switzerland) at different places from each

fabric sample. The diameter of the cutting die was 8.67 cflr,

giving an area of 59.0 cm2 for each circurar specimens. After
five specimens were weighed together on a scientific balance

(sartorius-werke GMBH Gottingen, Germany) to the nearest

milligram, the fabric weight was calcul_ated in g/m, and

converted to oz/yd2. so that actual mass cou]d be compared to
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the mill specification

3. 3 Experimental Design

In order to analyze the laundering shrinkage, it v/as

necessary to identify and priorLze those independent variables

that influence the level of fabric shrinkage, particularly
those conditions that cause an unacceptable level- of 22 or

greater. Four independent variables, which were considered the

most likely parameters in the laundering cycle/ \¡/ere selected:

A. Washing method (2 levels: hand wash/machine wash¡;

B. Washing temperature ( 2 levefs: 20 oC740 oC);

C. Drying method: (2 levels: flat dryltumble dry);
D. Number of laundering cycles (2 levels : 1 and 5 cyctes ) .

To perform a full factorial analysis, the combinations of

these 4 independent variables each with 2 level_s, comprised 16

different, laundering cycles or treatments. The 76 different
treatment combinations are listed in Tabte 4. The dependent

variabres to be measured were fabric shrinkage in both \^iarp

and weft directions.

The mean warp and weft shrinkage values of these L6

different treatments lrere calculated to determine whether

different laundering conditions provided acceptable or

unacceptable shrinkage of the different fabrics being tested.
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Table 4

Sixteen Different Launderinq Treatments

Treatment Washing

Method

Washing

Temperature

Drying

Method

Number of
l-rznl oq

1

2

3

4

5

7

B

9

10

t_1

I2

l_3

T4

15

L6

Hand

Hand

Hand

Hand

.Hano

Hand

Hand

Hand

Machine

Machine

Machine

Machine

Machine

Machine

Machine

Machine

20 oc

20 0c

20 oc

20 oc

40 oc

40 oc

40 0c

40 oc

20 oc

20 oC

20 oC

20 oc

40 oc

40 oc

40 oc

40 oc

.E'rat,

Flat

Tumble

TumbIe

IIq.L

Flat

Tumble

Tumble

Flat

Flat

TumbIe

Tumbl-e

Flat

¡'rat

Tumble

Tumble

1

5

1

5

1

5

1

5

1

(

1-

5

1

5

L

5

A full factorial analysis

which independent variables have

v¡as perf ormed

a significant
to determine

infl-uence, and
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the effects of interaction between independent variables on

the fabric shrinkaqe.

Those fabrics with the same fibre in the same direction
\úere combined to determine how the fibre content in one

direction affects the shrinkage in the other direction. By

adding fabric as an additional independent variable, a full
factorial analysis with 5 independent variabl-es v¡as used for
this purpose. Therefore the results from Fabrics 1 and 2 were

combined to determine whether the shrinkage in the weft

direction was influenced by the different fibre content in the

v¡arp. Likewise, the results from Fabrics 2 and 3 were combined

to determine whether the shrinkage in the warp direction v/as

influenced by the different fibre content in the weft

direction.

fn order to obtain a soft and luxurious hand, together

with good drape characteristics, it is recommended by

Courtaulds that Tencel and Tencel blended fabrics by finishing
with an enzyme treatment (Clark, 7992; Courtaulds, 1-994). fn

this study, the effect of such an enzyme finish on fabric
shrinkage \ras investigated. Fabrics 1 and 2 were treated with
a standard enzyme treatment at Western Glove Works Ltd,

Winnipeg, and then \^/ere laundered in triplicate using B

machine wash and drying conditions. These I conditions, which

\^/ere predicted f rom pre-testing as being the more severe

treatments, are listed in Table 5. In view of the limited
amount of fabric available, the same specimens \,rere used for
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1, and 5 cycles. Otherwise, the same conditions v¡ere fotlowed

as described previously in Tabl-e 4 (Treatments 9-16). A ful-I

factorial analysis with 5 independent variables was performed

to determine which independent variables had a significant
infl-uence on fabric shrinkage. These 5 independent variables

íncluded 3 independent variables from Table 5 ( i. e. washing

temperature, drying method, and number of cycles) each with

two levels, and 2 additional- independent variables, namely

^ €':*'^'ing and the type of fabric, each with two levels.rr¿yrrrË r rrl_LÞrrrrry crrtLr Lrrc Lypc uI Ld.tJL Le r eduIl wI LIt Lwc)

Because the fabric specimens before and after enzyme finishing
were laundered at two distinct times, the specimens were not

totall-v randomized.

Table 5

Eight Launderinq Treatments for Specimens after Enzvme
Finishinq

Treatment Washing
Method

lüashing
Temperature

Drying
Met,hod

Number of
õ-.a1 aa\-y LrrsÞ

9

t_0

11

I2
1-3

74

15

1-6

Machine
Machine
Machine
Machine
Machine
Machine
Machine
Machine

20 oc

20 oC

20 oc

20 oc

40 oC

40 oC

40 oc

40 oc

.F'lat'
Fl-at
Tumble
Tumble
.CIclL

-b'rat'
Tumble
Tumble

1

5

1

5

1

5

l_

5

Finally, changes in the geometric structure of those

specimens which demonstrate the most fabric shrinkage in any
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one direction was analyzed by means of microscopic

measurements of fabric cross-sections taken before and after
laundering. The cross-sectional dimensions of fabrics after
enzyme finishing and laundering cycles were also taken to
foll-ow changes in geometric structure due to laundering. From

each cross-section, the following dependent variables v/ere

measured in both warp and weft directions:
a. Inter-yarn di_stance (cfoth length);

b. Yarn crimp height.

The geometric parameters before and after Iaundering and

before and after enzyme finishing were compared statisticalty
by means of a t-test. In addition, the shrinkaqes calculated

from inter-yarn distance measurements were compare with those

measured on fabric specimens by using a regression analysis.

3.4 Preparation of Specimens for Laundering

Each f abric type \,r¡as laundered using 16 dif f erent

treatments, with three replicates of each. Therefore, 48

specimens will be required for each fabric sample to complete

the treatments in the full factorial design.

To minimize sanpling bias, selection of specimens was

restricted so that the same v¡arp and wef t yarns \¡/ere not

present in the replicate specimens for the same treatment.

Sj-nce the width of all three fabric sample was over 152 cm, 4

specimens could be cut across the full fabric width.

consequently the fabric specimens were cut according to Figure
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3. Code numbers from l- to 16 were assigned to each specimen to
represent the l-6 treatment combinations; D1- to Di-6 represented

the duplicate specimens; and T1 to T1_6 represented the

triplicate specimens. Fabric codes were also used to identify
each fabric (See Section 3.1).

g

Fiqure 3. Cutting plan for fabric specimens.

Aft,er cutting the fabric specimens, the 38 cm x 38 cm

specimens \,vere conditioned f or a minimum of 4 hours in a

standard atmosphere of 20 + 1 oC and 65 + 2eo R.H., and. then

each specimen was marked with three 25.4 cm pairs of bench

marks parallel to the length of the fabric and three ZS.4 cm

pairs of bench marks parallel to the width of the fabric. Each

bench mark was placed at least 5 cm from the cut edges of the

test specimen. Pairs of bench marks in the same direction \tiere

approximately L2 cm apart (AATCC Test Method 1_35 - L992). AII
the marks were made by an indelible ink mark pen. After
marking, al-l edges of the specimen \¡¡ere serged to prevent

4t

1, 5 9 13 D16 D4 DB D12 T15 T3 T7 T11

2 6 10 I4 D1 D5 D9 D13 T16 T4 TB T12

3 7 l1 15 D2 D6 D10 DI4 T1 T5 T9 T13

4 a I2 T6 D3 D7 D11 D15 T2 T6 T10 TL4
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fraying of the cut edges during laundering.

3. 5 Laundering procedures

The canadian standard methods cAN2 -4.2-M90, Method 25.1,

and cAN2-4.2-M90, Method 58 v/ere used as the quide-lines for
performing the hand wash and machine wash procedures

respectivery. Method 5B invol-ves the use of a standard

detergent, whereas Method 25.7 does not. The l_aunderinq order

v¡as randomized to eliminate any effect that time night have

had on the dependent variable. Foï the 16 treatments with 3

replicates, the totaf number of laundering procedures was 48.

Random numbers (Montgomery, 7gB4) from Table 6 were used to
determine the sequence of laundering procedures where number

17-32 refer to specimens D1-D16, and number 33-48 refer to
specimens T1-T16.

Table 6

Random Order for Launderinq procedures

33

1"7

I
-¿

29

3

4B

39

5

9

3t_

1,6

22

1,4

23

4L

B

24

42

25

1

7

47

3B

l-0

26

13

40

34

I2

1_9

35

2I

30

46

36

1- l_

6

44

45

37

27 18

420
32 28

l-5 43

The washing load was held constant at l_.5 kg (CAN2-4.2-
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M77 ' Method 24.2) using a dummy l-oad of polyester/cotton
fabrics as necessaïy. specimens with different drying rnethod

but with the same washing method and temperature/ were washed

together. Each replicate sample was washed separately.
After drying the specimens, if the wrinkle recovery of

the fabrics \^/ere rated 1 or 2 when tested by the standard
method (AATCC12B-1989), then a cool iron v/as used to remove

the worst wrinkl-es. The f abrics \,rere wetted by spraying with
distitled water, and the iron was moved on'l v werticat trz rrr¡ .anrl

down to minimize any fabric stretching.
After conditioning the laundered specimens for at least

B hours in a standard atmosphere, the dependent variable,
fabric shrinkage, v/as measured in both directions.

3 .6 Enzyme Finishing

Five yards of Fabrics 1 and 2 were sent to western Gl_ove

works Ltd. for enzyme finishing. Before sending them, 5 pairs
of 60 cm bench marks weïe made parallel to both the warp and

weft directions on both fabrics. sewing thread was used for
marking. The amount of shrinkage that occurred during the
enzyme finishing \^ias then determined by measuring the distance
between those marks after the enzyme finishing and calculating
the difference. The whole enzyme finishing process can be

divided into three steps:

l- . Desizing:

60 0C water (Water: Fabric weight 10 : J- )
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1 % Bl-ue J 7-I1, (Amylase stripped)

0.3 å Blue J Scour (Anti-redeposition detergent)

DUratiOn : l_0 ¡ni nrrf oc / nH: Neutral )

2. Enzyme Treatment:

60 0C water (Water:Fabric weight 10:1)

1 å Blue J Stone Free f (Neutral Cellulase)

0.67 % BIue J Scour

0.3 ? Blue J Stone Free II (6.0 pH buffer)

Duration: 30 mi_nutes

3. Warm Rinse

35 0C water (Water:Fabric weight 10:1)

Duration: 5 minutes

3.7 Measurement of Geometric Structure
3.7 .1- selection of specimens for cross-sectional Anarysis

To investigate the changes in the geometric structure of
the fabric after laundering, specimens with the hÍghest
average shrinkage \rere selected. rn addition, to determine how

enzyme finishing affected the geometric structure, those
specimens which yielded t,he highest shrinkage after the enzyme

finishing and after the enzyme finishing and laundering were

also sel-ected. The specimen selection plan for cross-
sectioning is listed in Table 7.
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Tabl-e 7

IONIN

Treatment Fabric Specimens

Before Laundering

After Finishing X

After Enzyme Finishing

After Enzyme Finishing & Treatment X

1

1

1

1

2

2

1

3

3

Note. Each fabric specimen incrudes warp and weft, Treatment
X is the laundering condition, which yields the hiqhest
average shrinkage out of 16 treatment combinations.

3.7 .2 Embedding and Sectioning

A JB-4 Embedding Kit (Analychem Corporatíon, Markham,

ontario) v/as used in this study. Fabric specimens v¡eïe cut in
a rectangular shape measuring 11 Inm x 6 mm with the longer
direction corresponding to the direction of the fabric to be

analyzed. To prepare the embedding resin, 25 ml_ of JB-4

solut.ion A were added to 0.22 grams of dry catalyst c, and

mixed until dissol-ved. Exactly l_ ml of JB-4 solution B \^¡as

added to 25 ml of freshly catalyzed solution A, stírred well,
and praced in an ice bath to retard premature polymerization.
To obtain a good cross-section, it was important to place the
fabric specimen perpendicular to the bottom of the cup in the



molding tray (Analychem corp). Each cup was then covered with
a plastic GMA block holderr so that the resin could attach
itself to the block during polymerization overniqht ar room

temperature.

Sectioning was performed with a mi ¡rnfnmo I -:|Þ- Arr¿!vrvLV¡LLç \uu 3

Microtome, Ivan Sorvafl Inc. / Newtown, Connecticut/ USA).

sections measuring 1¡rm-4¡rm in thickness were cut with a dry
glass l<nife, collected with forceps and transferred to a room

temperature water bath, releasing them before they touched the
water. A few drops of concentrated NH4OH were added to the
water bath to aid in frattening 1-he sections which were
col-lected on glass srÍdes and air dried before staininq with
Toluidine Blue.

3.7 .3 Measurement of Cross-Section

A transmitted light microscope (Leitz HM_Lux 3, LeLt-2,
Germany) with an objective and eye piece to achieve a

magnif ication of x40 \¡zas used. The eye piece contained a

micrometer scal-e that was abl_e to measure distances to the
nearest lpm. The focal distance was adjusted by placing a

clean glass slide under the specimen slide. The micromerer
scale was cali-brated by a standard slide containing line l_ mm

1ong, divided into l_00 divisions.
when measuring inter-yarn distance and crimp height, a

cursor line was used instead of a central_ cross i-n the eye
piece micrometer. The advantage of using the cursor l_ine was
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that it was easier to define the st.art and end point in the
cross-section measurement. Figure 4 demonstrates how v¡arp

crimp height was measured.. The cuïsor fine v¡as placed at L1

and the position measured. Then the cursor line was moved to
^^^.i + -: ^* r 1posrcron L2 and the new position recorded. The measured

distance between L1 and L2 is the warp crimp heigrht. To

measure the inter-yarn distance, the distance AC was measured

instead of AB. Because there would have been potentiarly large
errors in the measurement of AB and BC, it was fett that the
distance AC would give a more precise determination of the
rnter-yarn distance.

Cross-Section Cut Along Weft yarn

Warp yarn

2 x Inter-yarn
Distance

Fiqure 4. Measurement of geometric parameters

As indicated in Figure 4, it is important to distinquish
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between the warp and weft directions during measurement of
cross-sections. when determining the cross-sectional
dimensions along a weft yarn, then the warp crimp height and

\úarp inter-yarn distance are measured. one needs to cut the
fabric in the warp direction in order to measure the weft
crimp height and weft inter-yarn distance.

At l-east eighteen cross sections were cut for each chosen

specimen. out of those 78, the 12 most uniform sections v¡ere

selected and 2 measurements were taken from each, making a

total of 24 data points for each geometric parameter. rn order
to reduce the effect of extreme or unusual_ measurements, the
2 highest and 2 lowest vafues were discarded in prior to
statistical analysis.

. B Methods of Statistical Analysis

.8.1 calculation of Mean and standard Error of shrinkage
The sAS program (sAS, 1985) was used to calcul-ate the

mean and standard error of shrinkage in each direction of each

f abric after the l-6 laundering treatments. The resul_ting mean

shrinkage values v¡ere then compared to the fabric shrinkage
criterion of 22 (cAN/ccsB-86.1-M91) in order to determine

which laundering condition gave an acceptable level_ of
shrinkage and which did not. This canadian care Labelling
standard requires that v¡oven fabrics do not shrink more than

2z in either direction after three standard J-aundering

procedures. The following abbreviations \,rere used in the sAS

J
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programs (Appendices 2, 3 and 4 ) .

WPSHRK: Dependent variable, washing shrinkage in \^/arp

direction.

I^IFSHRK : Dependent variable, washing shrinkage in wef t
direction.

Std Dev (SD): Standard deviation.

Std Error: Standard error.

3.8.2 Full Factorial Analysis

A full- factorial analysis model was designed using the
sAS program (Appendix 2) to determine which independent
variables and interactions of independent variables have the
most inf luence on f abric shrinkage. General linear models \^/ere

applied in the sAS program for testing the hypotheses in a

fulf factorial analysis of variance. Table 10 lists the
symbols of the independent variables as entered into the
model.

where possible p values are provided in the reporting of
the analysis, and for puïposes of determining statistical
significance/ a significance l-evel of 0.05 is used in this
study which is in keeping with conmon practice in the field.
From full factorial analysis of variance, those variables and

interaction of variables which had a significant influence on

the shrinkage v¡ere determined. The mean values are calcul_ated
and tabulated for further discussion.
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Table B

Symbol Independent variable Levels

W

T

Washing method

Washing temperature

Drying method

Hand wash
Machine wash
20 oC

40 oc

Flat dry
Tumble dry
1 Cycle
5 Cycles
100% Tencel
60 /40 Cotton/Tencel-
100% Cotton

With enzyme finishing
No enzyme finishing

H

M

20
40

F

T

1
trJ

1
)

E
rì

F

Number of

Fabric

crzr'l oq

Number of measurements
Enzyme finishing

3.8.3 Student t-Test
The mean values and standard deviations of fabric

shrinkage during laundering weïe compared with and without the
enzyme finishing for each of the B l_aundering conditions
(Table 5) using a student t-Test (Brockett, L984) to determine

whether there \^/ere any signif icant dif f erences. The f ollowinq
formula was used for those Lwo sample comparisons:

^2. ^2ù1 rù2

n

X1 and are the mean shrinkage values of the sampl-e l_ andx,
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sample 2 respectively; S, and

laundering shrinkage of sample

is the number of measuremenrs.

2.

52 are standard deviations of

1 and sample 2 respectively; n

The degrees of freedom : 2n

3.8.4 comparison of shrinkage Measurement from Fabric

Specimens vrith Those from Inter-yarn Distance

By measuring the inter-yarn distance of the sectioned

fabrics before and after faundering and enzyme finishing, it
\^/as possible to calcu]ate fabric shrinkage on a microscoprc

scale. Laundering shrinkage values were also obtained by

measuring the fabric dimensions in section 3.5; therefore, a

linear regression moder was developed from the sAS program to
det.ermine the relationship between those two sets of shrinkaqe

data and to assess whether or not the same shrinkage results
are obtained regardless of the method used.
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CHAPTER 4

RESULTS AND DISCUSSTON

4.I Results of Fabric Specification Testinq

since Tencel- is a new fibre, the reagents used in
identifying it and other J-yocell- fibres by solubility testing
are not included in current standard.s, such as AATCC 20

1989. The resul-ts of the sol-ubitity tests undertaken are shov¿n

in Tabl-e 9 .

Table 9

lubili

Reagent

Cotton Fabric 1

Warp Weft

(ControL) Tencel Tence1

Fabric2 Fabric3 Viscose
Warp Weft Warp Weft Rayon

Cotton Tencel Cotton Cotton (Contïol)

Suffuric Acid 60%
40 oc, 30 mins

Sulfuric Acid 60%
40 oc, 2 hrs

Concentrated
Hydrochloric Acid
23 oC, 30 mins

Zinc chl-oríde/
Formic Acid
40 0c, 2 hrs

PDPD

PD

PD

PD

PD

PD PD PD

Note. f : Insoluble, pD: partly dissol_veã, D, Di;sõË

Two noticeable phenomena and probabry useful pieces of
information are that viscose rayon dj_ssolved faster than
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Tencel fibres duríng the sorubility tests, and that
concentrated hydrochloric acid dissolved viscose rayon fibres,
but only partly dissolved Tencel fibres. These resul_ts support
the fact that Tencel fibres have a higher degree of
porymerisation and a moïe highly crystalline structure
(YamashiJ<i & Matsui , 1992) than viscose rayon fibres.

The resul-ts of the tests to confirm the fabric
specifications are summarized in Tabl_es 10 and 11.

Tabl-e 10
Confirma s Fabr cificati

Fabric 1 Fabric 2 Fabric 3

Fabric Weave

Fibre
Content

Yarn Type

Length (Yard)
(meter )

Width (Inch)
( cm)

Fabric (g/m2)
Weight (oz/yd,27

Pl-ain

ru u ä 'l'ence-L

Z - twist
Staple

20 .5
LB.7

64 .00
762.56

153.56
4 .53

Pfain

60.52 CoLton/
39.5? Tencel_

Z - twist
Staple

20 .5
TB.7

63.75
161- . 93

1_44 .62
4 .27

Plain

100U Cotton

Z -twist
Staple

20.5
78.7

61- .7 5
1s6. B5

1,47 . 86
4.36

Yarn a

Fabric 1

Warp I^lef t
Fabric 2

Warp Weft
Fabric 3

Warp Weft

Yarn Tex
Yarn Crimp (3)
Fabric Count (n/cm)
( n/inch )

JI.J ¿O.Y

rr.7 5.38
26.0 20 .9
66.0 53.0

29.5 26.9
11. B 4 .29
26.0 19.8
66.0 50.2

¿t.J ¿).)
Lr.4 8 .77
26.9 20.0
68.4 50.9
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Fabric 2 is not an intimate blend fabric; it is a union blend

fabric composed of 100% cotton in the viarp and l_00% Tencel_ in
the weft. The overall- fibre content obtained by mechanical

separation method is very close to the figure provided by

milr. The weft crimp value for Fabric 3 is almost twice as

large as the weft crimp of Fabrics 1 and 2. Afl other yarn and

fabric structural parameters of the 3 fabrics listed in Table

l-1 are considered to be similar. rn fact the Tencer weft varns
in Fabrics 1 and 2 appear to have a similar yarn structure, as

do the cotton warp yarns in Fabrics 2 and 3.

4.2 Fabric Shrinkage after Launderinq Treatments

The sAS program ( sAS , 19 B 5 ) was used to cal-cul_ate the
mean value and standard error of laundering shrinkage of
Fabrics 7, 2, and 3 in both warp and weft directions. The

resul-ts of these calculations are listed in Tables 12 and 13

for the warp and weft directions respectively. The maximum

acceptable woven fabric shrinkage criterion after 3 laundering
cycles Ls 2v" according to the Canadian care labelling standard
(CAN/CGSB-86.1-M91-). Table L2 lists the warp shrinkages of
f abrics af ter one and f ive cycles. The \^/arp shrinkages of
Fabric l- after hand washing or l- cycle of machine washing \i¡ere

all below this 2 z criterion, whereas the shrinkages after 5

cycles of machine washing all exceeded this lirnit. Therefore,
Hot was rejected for Fabric l- after 5 cycles of machine wash.

The warp shrinkages of Fabric 2 afLer J- cycle of hand washing
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or 5 cycles of hand washing and drying fl_at were less than
22. whereas the shrinkages after 5 cycles of hand washing and

tumble drying, machine washing and drying flat on both l_ and

5 cycles and tumble drying after 5 cycles exceeded 22,

therefore, Ho, v/as rejected for the above laundering
conditions. The laundering shrinkage of Fabric 3 after 5

cycles hand or machine washing and machine wash drying flat
after 1 cycle exceeded 22. Thereforc- Ho, was reiected for
these l-aunderinq treatments.

Table 13 l-ists the fabric laundering shrinkage results in
the weft direction. The shrinkages of Fabric 1 after 5 cycles
of machine washing and after 1 cycle of machine wash and

drying flat exceeded 2%. Therefore, Ho, was rejected for these
laundering conditions. When the 1008 Tencel fabric was machine

washed, the weft shrinkage was not only invariably above 2z

but it was al-so always greater than waïp shrinkage. thís \,,/as

an unexpected result since most fabrics, including Fabrics 2

and 3, tend to shrink more in the warp than the weft
direction. rn comparison, the weft shrinkages for Fabrics 2

and 3 were low, with most treatments giving va.l-ues of less
than 1-?, and the highest shrinkage being only I.4iø.

By comparing the overall shrinkage of the Tencel warp

yarns in Fabric l- with the cotton waïp yarns in Fabrics 2 and

3 it is clear that the Tencel invariably shrinks less than
cotton (Table j_2). However, on comparing the overall_ shrinkage
of the Tencel weft yarns in Fabrics l- and 2 with the cotton
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Table 12

Flat 20oc

4 00c

!'aDrrc -L

Hand Machine

0.40 1.06

(0.r_1_)(0.1_9)

0.53 0 .70

(0.1_3)(0.22)

0.49 0.74

(0.18)(0.12)
0.72 l_.33

(0.18)(0.23)

Tumble 20oC

400c

93 3.56

11) (0.20)

5B 2.92

]-7)(0.r_6)

^^YZ J.I-J

18)(0.27)
21, 2 .66

ls)(0.i-9)

(0

Note. The value in ( ) is the standard error of mean.

Fabric 2

Hand Machi_ne
1-l-515

(0

0

(0

0

(0

1

(0

0

(0

U

(0

1

(0

84 1

1s) (0

sB l_

i_1) (0

00 2

11) (0

9L2
14)(0

42

o4\

90

72)

B7

14\

B6

14\

2.73 4.66

(0.07)(0.10)
2.22 4.39

(0.0s)(0.1-2)

1.56 3.89

(0.1_0)(0.06)

2.0L 4.03

(0.07)(0.11)

Fabric 3

Hand Machine

1.63 2.52

(0.1s)(0.21)
r.16 2.62

(0.19)(0.10)

2.0r 4.03

(0.1_4)(0.17)

2.27 4.13

(0.17)(0.2s)

2.96 4. 83

(0.1e)(0.44)
2.96 4.92

(0.l_4 ) (0 .2L)

2.2r 5.09

(0.39)(0.20)
2.20 s.09

(0.16)(0.1_4)
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Tab1e l-3

Flat 20oC

400c

-H'aþrac -L

Hand Machine

l_.58 7.s7

(0.1s)(0.22)
I.12 L.22

(0.r_0)(0.30)

Tumble 20oc a.47 1- .99

(0.26)(0.1-4)

400c t-.31_ 2.27

(0.1_6) (0.15)

2.53 4

(0.r-4)(0

2.43 4

(0.18)(0

2.04 4

(0.r-2)(0

2.72 3

(0.14)(0

Note. The value in ( ) is the standard error of mean.

Fabric 2

Hand Machine

I6
't4\

09

1B)

JU

24)

l-1

14\

0

(0

0

(0

0

(0

0

(0

200
10)(0

070
04) (0

47

I2

23

09

0.49 1.08

) (0.08)(0.14)
0.33 1.13

) (0.10)(0.L2)

11 0

06) (0

130
07) (0

¡'aÐrrc J

Hand Machine

I+

72

06

0.03 0.00

( 0 . 02 ) (0 . 00 )

0.00 0.09

(0.00)(0.0s)

0.04 0.13

(0.03)(0.07)
0.00 0.07

(0.00)(0.04)

0.72 I.23
(0.06)(0.20)
0.23 0.72

(0.L2) (0.20)

v.5z t_.5b

(0.10)(0.20)
0.30 r.28

(0.07)(0.1_9)

0.01_ t_.36

(0.01) (0.30)

0 .07 l_ . l_B

(0.0s)(0.16)
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weft yarns in Fabric 3, the reverse is true (Tabte 13).

From above results, the rejection of Ho, depends on the
fabric type, fabric direction and the conditions of
laundering.

The level of yarn crimp

direction of Fabrics 1 and

the Tencel yarns in the weft

v/ere similar but the wef t

of

2

shrinkage of Fabric 1 was much higher than that of Fabric 2.

Similarly, the level of yarn crimp of the cotton yarns in the

v/arp direction of Fabrics 2 and 3 were similar, but the warp

shrinkage of Fabric 3 was invariably higher than that of
Fabric 2. These results imply that the fabric shrinkage

results were not influenced primarily by fibre content or the
yarn crimp.

4.3 Full- Factorial Analysis

A ful-l factorial analysis method v/as used to determine

the effect of the four independent variabfes (i.e. washing

method (W), washing temperature (T), drying method (D) and

number of laundering cycles (N) ) each with 2 revels on the

laundering shrinkage of Fabrics L, 2, and 3. The analysis was

perf ormed separately in each direction. The experiment \,{as

designed in triplicate¡ so that each treatment was applied to
3 independent specimens. Three measurements were taken on each

specimen, which are considered as sub-samples. rn this study,

the significance l-evel for rejecting the hypotheses was 0.05.
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4.3.I Analysis of Warp Shrinkage in the 1-00% Tencel Fabric

(Fabric 1)

The results of the ful-1 factorial analysis of variance

generated by a SAS program (SAS/ 1985) (Appendtx 2) on the v¡arp

shrinkages in the 100% Tencel- fabric !úere listed in Table 14.

The effect denoted by the parameter, I, measures the

variabirity of the 3 replicate specimens in the same treatment

combination. The high significance of this variabl-e (p

0.0001) means that lhe variability of the measurements between

specimens is greater than that within specimen variabj -t 'itv

From Tabl-e 14, it can be seen that W, W*D, N, and W*N

significantly influenced the dependent variabfe v/arp

shrinkage. To explain how those independent variables affected

the dependent variable, their mean vafues \,rere calculated, and

listed in Table 15.

To facil-itate understanding, Figures 5-B have been drawn

to ill-ustrate the data in Table 15. Figure 5 illustrates how

the washing method affected the viarp shrinkage, and it can be

easily seen that on average machine washing gave a higher

shrinkage level (over 2.22 ) than hand washì_ng (less than

0. B% ) . It is proposed that this difference in shrinkage is
caused by the greater agitation under the machine washing

conditions (Lund and Water, l-959; Scott, 1959).

Figure 6 illustrates how the number of laundering cycles

affected the warp shrinkage. As expected, the specimens shrank

more after 5 laundering cycles than after l- cvcl_e. This can be
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Table 74
Full Factorial Analysis of Variances
Warp Shrinkaqe of l_00% Tencef Fabric

Source Type IrI MS Denominator l¿S F Value p Value

W

T
w*T
D

W*D
T*D
W*T*D
N

W*N
T*N
W*T*N
D*N
W*D*N
T*D*N
w*T*D*N
I

80.1025
0.1878
r.777 B

1 . 2100
4.0000
L.9136
0.0336

38. Bs44
13.6900
0.7803
0 .4669
0.3025
0.2336
0.0711
1. 0000
0.7386

0.7386
0 .7 386
0.7386
0.7386
0.7386
0.7386
0.7386
0.7386
0.7386
0.7386
0.7386
0.7386
0.7386
0.7386
0.7386
0.7462

108.450
0.254
2 .407
1.638
5 .4]-6
2 .591,
0.046

52 .605
18.53s
1.056
0.632
0.410
0.316
0.096
1 ?q/

5.053

0.0001
0 .677 6

0.1306
0.2098
0 .0264
0 .1-1-7 3

0 .8324
0.0001
0.0001
0 .311,7
0 .4324
0.5268
0.5778
0.7s84
0.2532
0.0001

Note. MS is Moan qarìrârô

Table 15
ects an acti-ons of Indepe

WarP Shrinkage of 100% Tencel Fabri e
Labl-e

Level of variables Number of
Measurements

Mean Value of
Shrinkage ( Z )

ln7

;
II

M
N
1

q

a-t¿
72

72
72

36
36
36
36

36
36
36
36

0.75
¿ .2+

0 .97
2 .0L

0 .67
0 .82
2.50
r_. 98

0.54
0.96
I.4I
3 .07

D
F
T
F
T
t\
T
5
1
5

W

H
H
M
M
W

H
H
M
M
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explained by the fact that the shrinkage after 1 cycre was the
combination of rer-axation and swelling shrinkage (Lyle , 1_g77),
while shrinkage after 5 cycles was the combination of
rel-axation, swerling and progressive shrinkage 1r,und and
Water, 1959; Scott, :-g5g). rn other words, the difference in
shrinkage between 1 and 5 cycres was due sorely to progressive
shrinkage (Lyte , Ig77 ) .

Figure 7 presents the two way interaction of washing and
dryingr methods on the waïp shrinkage. rn generar, machine
washing had greater shrinkage than hand washing. when machine
washed, drying flat produced higher shrinkage than tumble
drying; whereas, when hand washing, Lumbre drying produces
higher shrinkage than flat drying. These resurts were nor
anticipated, and an explanation for such abnormal resul-ts is
that most of the specimens wrinkled badry after tumble drying.
Their wrinkre recovery ratings were onry 1 oï 2 (AATCC 66
1990). fn order to obtain valid measurements, the wrinkles
were removed by wetting the specimens and ironing with a coor_
i-ron. The ironing process may have distorted the fabrics and
reduced the shrinkage r-evef. Because the specimens after flat
drying did not need ironing, this may explain why the tumble
dried specimens had rower shri_nkage than the flat dried
specimens.

Figure B ir-lustraLes the two way interaction of the
washing method and the number of raundering cycres on the warp
shrinkage. The effect of the number of laundering cycies
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1DO% TENCEL WASH I NG SHR I NKAGE _ WARP
EFFECT OF WASHING METTÐD

Q

Uo
z
trI
Ø

WASH I NG ÀIEIHOD

Fiqure 5 . Effect of washing method,.

1OO% IENCEL WASH I NG SHR I NKAGE _ WARP
EFFECT OF NO. OF WASHES

s
u

z
tr
I
a

NI,[.,ISER OF WASHES

Fj-qure 6. Effect of number of washing cycles.
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1OD% TENCEL WASH I NG SHR I NKAGE - WARP
INTEÊACTION OF WASHING & DRYING METhOD

c\

g

z
tr
I
a

FLAI UHI TUiVELE DRY

DRYING METHOD

ffi Hnruo rvasn ffiuacatNe vtsn

Fiqure 7 . fnteraction of v/ashing and drying method.

1DO% TENCEL WASH I NG SHR I NKAGE _ WARP
INTERACTION OF WASH & NO. OF WASHES

1

NUMBEE OF VASHES

ffi Haruo wasH ffivacatNe wasu

Fiqure B. rnteraction of washing method and number of washes.
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depended on the washi-ng method with machine washing yielding
as expected higher shrinkages than hand washing.

4.3.2 Analysis of weft shrinkage in the 10ou Tencel Fabric
( Fabric 1- )

The results of the furt factorial analysis for the 10ou

Tencel fabric in the weft direction are shown in Tabre L6.

From Tabl-e 76, it can be seen that W, W*D, N, and W*N had a
significant influence on the weft shrinkage. To explain how

those independent variables affected the dependent variable,
their mean values \^/ere calculated and the results are listed
rn 'I'a.ol-e I /

To facirit,ate understanding, Figures 9-12 have been drawn

to il-lustrate the data in Table L7 . From F.igure g, it can be

seen that machine washing caused more weft shrinkage than hand

washing. Figure 10 illustrates the effect of the number of
cycles on weft shrinkage. specimens after 5 laundering cycles
had a higher shrinkage level than after r cycle. Figure 1j_

shows the two way interaction of washing and drying methods on

weft shrinkage. rn general, machine washing caused greater
shrinkage than hand washing. When hand washed, tumble drying
produced hígher shrinkage than flat drying. But surprisingfy
when machine washed, flat drying produced higher shrinkage
t,han tumble drying. An explanation for this unexpecLed result
is the same as that given earrier for the interaction of the
washi-ng and drying methods in the warp direction (see section
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4.3.7). Figure L2 irrustrates the two v/ay interaction of
washinq method and the number of laundering cycles on t,he weft
shrinkage. The effect of the number of laundering cycles
depended on the washing method. Machi_ne washing yielded hiqher
shrinkage results than hand washinq.

Table 16

Fac clr

Source Type IIr MS Denominator MS F Value p Value

W

T

W*T

D

W*D

T*D

W*T*D

l\

W*N

T*N

W*T*N

D*N

W*D*N

T*D*N

w*T*D*N

f

B4 .6400

2 . I5TT

0.2025

0.0044

f,. oöuJ

0.0003

1.9600

s6.8044

13.8136

0.2669

L.777 B

1 
^^^-l_. vJJo

1, .737 g

0. s378

1.4803

I.0702

7 .0702

1.0102

r .0L02

L.0102
r .0L02

I.0702
I .0]-02

1.0102

1, . 01,02

1.0102

1.0102

7.0702
r.0702
1,.0L02

1- .0102

0.0531-

83.779

2.I29
0.200

0.004

).o22

0.000

r.940
36.430

l-3.673

0.264

1_ .7 60

1,.023

I. I¿6

0.532

7.465
L9 .042

0.0001

0.1543

0 .6s7 4

0.9475

0.0239

0.9869

0.1733

0.0001_

0.0008

0.6108

0 . L947

0.3]-94

v . ¿905

0 .47 09

0.2350

0.0001_

Note. MS : Mean square.
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Table 17
Â nd

Level_ of Variables Number of
Measurements

Mean Value of
Shrinkage ( U )

W

H

M

N

7
trJ

D

F

T

F

T

N

L

1I

5

W

H

H

M

M

W

H

H

M

M

72

72

72

72

36

36

36

36

36

36

36

36

r. s7

3.10

1. 83

2 .84

7 .37
r.7 6

3.30
2 .89

r.7 6

¿.¿ö
3.91

rn summary, the shrinkage of the 100s Tencef fabric
(Fabric 1) was infruenced by the same independent vari_abfes in
the \'üarp as in the weft direction. But the amount of
laundering shrinkage 

'vas invariably higher in the wef t
direction than in the warp direction. An explanation for this
unexpected finding (williams, rg46) may be found in the
interaction of t.he Tencer- yaïn and fabric construction with
the fabric finishing conditions.

66



1OO% TENCEL WASH I NG SHR I NKAGE - WEFT
EFFECI OF WASHING METhOD

â
0

z
e
I
Ø

HAND WASH MACH¡NE WASH

WASH I NG MEIHOO

Fiqure 9. Effect of washing method.

1OA% TENCEL WASH I NG SHR I NKAGE _ WEFT
EFFEC| OF NO. OF WASHES

ç'
ú

z
ar

NUMBEF OF \I/ASHES

Fiqure l-0. Effect of number of washing cycles.
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TENCEL WASH I NG SHR I NKAGE _ WEFT
INTERACT OF \|¿ASH & DRY

G'

U

z
É
T
Ø

FLAT DRY TU]\¡BLE DRY

ORYING METHOO

ffi uer.ro vrasH ffiuacatxe wasa

Fiqure 11. rnteraction of \^/ashing and drying methods .

1O'% TENCEL WASH I NG SHR I NKAGE _ WEFT
INTEFACTION OF WASH & NO, OF WASHES

e
U

z
E
I
Ø

1

NLÑIBEF OF WASHES

ffi Heno wasH ØuacatNe vesu

Fiqure 12. rnteraction of washing method and No. of vrashes.
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4 ' 3.3 Anarysis of warp shrinkage in the cotton/Tencel
Fabric (Fabric 2)

The resufts of the futl factorial analysis for warp
shrinkage of the 60/40 cotton/Tencel fabric are listed in
Tabfe 18. rt can be seen that w, w*D, N, W*N, W*T*N/ D*N, and
w*D*N had a significant effect on the dependent variabr_e waïp
shrinkage' To explain how these independent variabfes affected
the dependent varlable, their mean va_Lues were calculated, and
the results listed in Table Ig. As before, bar diagrams
Fiqures 13 - 2r have been drawn to ilrustrate the data in
Table 79.

However, Table 79 includes some three way interactions,
w*D*N and w*T*N. To analyze a three way interaction, one
independent variable has to be fixed, and then the two way
interactions can be examined. so to analyze the 3 way
interaction of w*D*N, 2 diagrams, Figure 1g and Figure rg,
were required. fn Flgure 18, the hand washing method was
consi-dered a10ne, whir-e the interaction of D and N was
analyzed' fn Figure 1g, the machine washing method was her-d
constant, and the interaction of D and N \^/ere anaryzed. rn the
same wây, Figures 20 and 21 were prepared so as to analyze the
3 way interaction: W*T*N.

Figure 13 irrust.rates how the washi_ng method affected the
warp shrinkaqe. rt can be seen that machine washing caused
more shrinkage than hand washing. Figure 14 il-lustrates how
the number of launderi-ng cycres affected the warp shrinkage.
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As expected, specimens after 5 laundering cycles have greater
shrinkage than after 1 cycle.

Figure 15 il-l-ustrates the two way interaction of washing

method and number of laundering cycles on the warp shrinkage.
The effect of the number of laundering cycles depended on the
washing method with machine washing yierding higher shrinkage
values than hand washinq.

Table 1B

Full Factorial Analvsis of Variance
Warp Shrinkaqe of 60 0 Cotton Tencef Fabric

Source Type III MS Denominator MS F Value p Value

W

T

W*T

D

W*D

T*D

W*T*D

N

W*N

T*N

W*T*N

D*N

W*D*N

T*D*N

w*T*D*N
I

88.0469
0.1600
0.0544
0. s37B

12 .9600
0 .1-225

0.6669
L22 .47 LI

? 
^-^^O . ZJUU

0.01-36

1.2469
1.4003
2 .8336
0.2r78
0.2844
0 .2228

0 .2228
0 .2228
0 .2228
0 .2228
0 .2228
0 .2228
0 .2228
v. z¿zó
0 .2228
0 .2228
0 .2228
0 .2228
0 .2228
0 .2228
0 .2228
0 .0627

395.100
0.718
0.244
2 .41,3

58.1_56

0.550
2 .993

549.574
28 .046
0.061
5.596
6 .284

12 .7 75

0.977
r.276
? qÃ/

0.0001
0.4031
0 .6245
0 . 1302

0.0001
0.4638
0.0933
0.0001
0.000r_
0.8064
0 .0242
0.0175
0.0001
0.3303
0 .267 0

0.0001_

Note. MS is mean square.
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Table l-9

Level of Variables Number of
Measurements

Mean Value of
Shrinkage ( % )

72
/¿

72
tz

36
36
36
36

36
36
36
36

36
36
36

1B
1B
1B
1B
1_B

1B
l-B
1B

1B
1B
1B
1B
l_B

1B
1B
1B

1.55
3.11

I.4T
3 .25

1.19
1. 91
3.35
2 .87

0. 83
2.26
1.98
4 .24

I.44
3.09
L37
3 .47

0.7L
1,.66
0.96
2.86
2 .1"8
4 .52
L.7 B

3 .96

0 .92
2 .1,4
0.74
2.38
t_. 84
4.27
2 .1_2
4.27

W

H

M

N
1
6

WD
HF
HT
MF
MT
WN
H1
H5
M1
M5
DN
F1
F5
Tl_
T5
WDN
HF1
HF5
HT].
HT5
MF1
MF5
MTJ-
MT5
WTN
H20 1
H205
H40 1
H405
M20 1
M205
M40 1-

M405
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6O%COTTON/4O%TENCEL WASH I NG SHR I NKAGE
EFFECT OF WASI]¡NG MEIHOD - WARP

àR

U
o

z;
T
v)

HAND WASH I\,4ACH INE WASH

WASHING METHOD

Fiqure 13. Effect of washinq method.

6O%COTTON/4O%TENCEL WASH I NG SHR I NKAGE
EFFECT OF NO. OF \YASHES _ WÂFP

e
U

z
tr
IØ

NI',[1¡BER OF \¡/ASHES

Fiqure 14. Effect of number of washing cycles.
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SO%COTTON/4O%TENCEL WASH I NG SHR I NKAGE
INTERACTION OF WASH & NO. OF WASHES

e

0

z
É
Ta

1

NU1VAER OF \ÍASHES CWAFF OIRECTION)

ffi Hnr'lo vrnsn ffiuacnrNe wesn

Fiqure 15. fnteraction of v¡ashing method and number of washes.

SO%COTTON/4O%TENCEL WASH I NG SHR I NKAGE
INTEFACTION OÊ WASHING & DRYING METHOD

s
Uo
z
Er
6

FLAT DRY TUI

DRYING MEÎHOD CWAFP D¡RECTION)

ffi Hn¡ro wnsH Øuecntue wasa

Fiqure l-6. rnteraction of washing and drying methods.
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6O%COTTON/ 4O%TENCEL WASH I NG SHR I NKAGE
ÌNTERACTION OF DRYING & N]O. OF WASHES

0
U
U

z
trT
Ø

1

NUMBER OF WÂSHES CWARP DIRECTION)

ffi rrnr onv ffitwate aav

Fiqure 17. Tnteraction of drying method and number of washes.

Figure 16 il-lustrates the two way interaction of washing

and drying methods on the warp shrinkage. rn general, machine

washing gave great,er shrinkage than hand washing, but tumble

drying did not always produce higher shrinkage levels than
zl¡-'j -- -tr1 ^+(}ryrrìg rrar as expected. For example, machine washing and

drying flat produced more shrinkage than machine washing and

tumble drying. An explanation for this is bel_ieved to be the
same as that provided in the discussion of Figure 7.

Figure L7 illustrates the two way interaction of the
drying method and the number of raundering cycles on the warp

shrinkage. After one l-aundering cycle, drying flat and tumble

drying yielded similar shrinkage levels, while after 5 cycles,
the tumble drying yielded higher shrinkage than drying flat.
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6O%COTTON/4D%TENCEL WASH I NG SHR I NKAGE
INTEFACTION OF WASH & DTIY & NO OF WASH

x
u
o

G
I
a

1

NUMBER OF \YASHES (!/ARP _ HAND WASH)

ffi erar onv ffit:saate oev

Fiqure 18. rnteraction of wash, dry/ and number of washes.

6O%COTTON/4O%TENCEL WASH I NG SHR I NKAGE
INTEFACTION OF WASH & DTIY 8. NO OF WASH

a
U

z
É
I
Ø

NUIBER OF WASHES CWARP _ MACHINE WASÐ

ffi rrar ony Øttaate oav

Fiqure l-9. rnteraction of \^/ash/ dry, and number of washes.
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6O%COTTON/4O%TENCEL WASH I NG SHR I NKAGE
INTEF,Ä,CTION OF WASH &, TEMPEFIATUFIE & f.,]O.

o

z
c
I
Ø

NUVBER OF WASHES (WARP - HAND V/ASH)

ffi rrveenaruRE: 20 c ffirtuetearvaEr 40 c

Fiqure 20. rnteraction of wash, temperature & No. of \^/ashes.

6O%COTTON/4O%TENCEL WASH I NG SHR I NKAGE
INTEFI¡.CTION OF WASII &, TEI,4PÊR.ATURE & NO.

ç'
Uo
z
E
I
a

NUMSER OF WASHES (WARP - MACHINE WASÐ

ffi reveennrunE: 20 c V7 taneeaetvnE: 40 c

Fiqure 2l-. rnteraction of \,.¿ash, Lemperature & No. of washes.
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Figures 1B and l-9 il-lustrate the 3 way interaction:
w*D*N. Figure 18 shows the interaction of D and N, for the
hand washing method. Under such conditions, tumbl-e drying
yielded higher shrinkage than drying flat after both one and

5 cycles. rn Figure 19, the interacti_on between D and N is
il-lustrated for the machine washing conditions. surprisingly
^--'-i -^ 'tr-l ^+ur-yrng rrar gave greater shrinkage than tumble drying under

such conditions. A possible explanation for this contradictory
shrinkage behaviour is that hand washing yielded much less
shrinkage; i.e. less than rz after one cycle, so that the
drying nethod had a greater impact on the overall shrinkaqe.
By contrast, machine washing was more severe, and hence the
drying methods did not add much additional shrinkage. rn
addition, âs explained previously, the wrinkles may have had

an unforeseen influence on the shrinkage measurement.

Fj-gures 20 and 2r illustrate the 3 way interaction:
w*T*N. rn Figure 20, the washing method is set to hand

washing, and it is obvious that the number of cycles had a
great effect on the level of warp shrinkage. The increase in
the amount of shrinkage from 1 to 5 cycles was 1.23 when using
cold water compared to 1, .7 z f or warm water . clearly t,he

washing temperature had less of an effect on shrinkage than
the number of cycles, since the difference in shrinkage
between col-d and warm water is l_ess than 0.3% after both l and

5 cycles. Figure 2r is the interaction of washing temperature
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and number of cycles on the v¡arp shrinkage under machine

washing conditions. The effect is quite similar to that
observed in Figure 20, although the shrinkage level is higher
because of the machine washing conditions.

4.3.4 Anarysis of weft shrinkage in the 60/40 cotton/Tencer
Fabric (Fabric 2)

The results of the furl factorial analysis for the 60/40
r-nrtnn /rtlaraa-t fabric in the weft direction are listed in Table4 vrrvvJ

20. From Table 20, it can be seen that w, N/ and w*N had a
significant infl-uence on dependent variable weft shrinkage. To

explain how these independent variables affected the dependent

variable, their mean values weïe calculated and listed in
Table 27. Nearly afl the shrinkage values in Tabl_e 2r,
however/ are very low, i.e. l-ess than 13. only after 5 cycles
of machine washing di_d the weft shrinkage exceed IZ.

rn sunmary, unlike Fabric r, the independent variables
that influenced the shrinkage of Fabric 2 v¡ere different in
the warp and weft directions. Also, as expected, the observed

shrinkage level-s of the cotton warp yarns were invariabl_y much

higher than those in the Tencel weft direction.
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Table 20

Full Factorial Analysis of Variance
Fabric

Source Type III MS Denominator l¿S F Val-ue p Value

w

T

W*T

D

W*D

T*D
W*T*D
N

W*N

T*N
W*T*N
D*N
W*D*N
T*D*N
w*T*D*N
I

8.0751
0. s017
0.0018
0. s501
0.7767
0.0084
0.I284
6 .97 B4

3.3917
0.22s6
0.0201
0.0001
0.1056
0.52s6
0 .27 56
0 .4297

0 .4297
0 .429I
0 .4297
0 .4291
0 .429]-
0 .429L
0 .4291-
0 .429I
0 .429I
0 .4291_

0 .4297
0 .429I
0 .429I
0 .4297
0 .429I
0 . 01-41

18.819
I. ]-69
0.004
7 .282
0.272
0.020
0.299

LO. ¿OJ

7.904
0 .526
0.047
0.000
0.246
7 .225
0 .642

30.438

0.0001
0.2876
0.9497
0.2660
0.6056
0. BB96

0.5882
0.0003
0.0084
0 .4736
0.8302
0.9899
^ 

-^1^v.o¿52

0.2766
0 .4288
0.0001

Table 2I
fec

WEI
Inde able

Cotton abric
Level of Variables Number of

Measurements
Mean Value of
Shrinkage ( % )

W

H
M
N
7
5

N
l_

5
1
5

W

H
H
M
M

tz
72

72
72

36
36
36
36

0 .21
0.65

0.19
u.o/

0.1-3
0.26
0 .29
1. 04
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4.3.5 Analysis of warp shrinkage in the 100% cotton Fabric
(Fabric 3 )

The results of the fur-r factorial analysis for the l_002

cotton fabric in the warp direction are listed in Table 22,

where it can be seen that W, D/ W*D, N, W*N, and D*N had a

signif icant inf luence on the dependent variable / \^/arp

shrinkage. To explain how these independent variabl-es affected
the dependent variabl-e, their mean val_ues \^rere caf culated, and

the results are listed in Table 23.

Aqain bar diagrams, Figures 22 - 27, have been drawn t.o

il]ustrate the data in Table 23. Figure 22 shows how the
washing method affected the warp shrinkage, and as anticipated
it can be seen that machine washing caused more shrinkage than
hand washing. Figure 23 illustrates the main effect of the
drying method on the shrinkage, and. shows that tumbte drying
yielded higher shrinkage than ftat drying. This independent
variable did not influence the shrinkage of Fabrics 1 and 2.

Figure 24 shows how the number of laundering cycles affected
the warp washing shrinkage, and as expected, specimens after
5 laundering cycles hade greater shrinkage than after one.

Figure 25 shows the two v¡ay interaction of the washing

and drying methods. Vüith hand washing, tumble drying produced

higher warp shrinkage than drying flat, whereas after machine

washing, the reverse was observed. Figure 26 ilrustrates the
two way interaction of washing method and the number of cycres
on the warp shrinkage. Both the choice of machine washing, and
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the use of 5 rather than 1 cycle had the effect of increasing
the shrinkage r-ever which rose on average by 2.42 from 1 cycre
to 5 cycles. Ftgure 27 ill-ustrates the two way interaction of
drying method and number of cycles on v/arp shrinkage. Tumble
drying generated higher shrinkages than drying flat after 5

cycles, but after only one cycle, no such difference v¡ere
observed.

Table 22

Source Type III MS Denominator MS F Value p Value

W

T

W*T

D

W*D

T*D

W*T*D

N

W*N

T*N

W*T*N

D*N

W*D*N

T*D*N

w*T*D*N
r

s4. BB34

0.001-7

0.0056
6.6306

77.570I
0.22s6
0.3906

1,41_.4IL7

O.5 /3Cl

u . l_5J4

0.0s84
6.7767
0.0Bst-
0.3701_

0.24L7
1,.5r97

7. srgl
I. s797

r.5797
r.5L97
1 51q7
I -4 ^-I.)IY/

1 51q7

7.5197
1 q1q7

1 q107

1, .51"97

7.5197
7.5L97
L. sL97

r.51_97

0 .07 L7

36.716
0.001
0.004
+ .363

l-7. s62

0.148
0.257

yJ. u55

4 .795
0.101
0.038
4 .420
0.0s6
0.244
0.1s9

27.204

0 .0001
0.9732
0.9s19
0.0448
0.0018
0.7025
0.6156
0.0001
0.0488
0.7528
0. B4sB

0.0435
0 . 8r_4s

0 .6250
0 .6927
0.0001-

Note. MS is mean square.
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Table 23

Effects and Inter OI .L

Warp Shrinkaqe of 100% Cotton Fabric
Variabl

Level of Variables Number of
Measurements

Mean Val-ue of
Shrinkage ( % )

2

3

)
4

W

H

M

D

F

T

N

1

5

D

;
T

F

T

N

1,

5

1

5

N

l-

5

1"

5

W

H

H

M

M

W

H

H

M

M

D

F

T

F

T

72

72

72

/z

72

72

36

36

36

36

36

36

36

36

JO

36

36

5b

2 .55

3.78

95

3B

77

I6

1.98
3.11
3 .92

3.65

1,.77

3.33
2 .58

4 .98

2.L8
3.73
2 .17

4 .59
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1DO% COTTON WASHING SHRINKAGE _ WARP
EFFECT OF VASHING METI.IOD

e
Uo
z(
I
Ø

HAND WASH MACHINE WASH

WASHING METHOD

Figure 22. Effect of washinq method.

COTTON WASH I NG SHR I NKAGE - WARP
EFFECT OF DRYING METHOD

èR

U
P
z
E
I
@

DRIING METHOD

Fiqure 23. Effect of drying method.
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COTTON WASH I NG SHR I NKAGE _ WARP
EFFECI- OF NO. OF Y/ASHÊS

I
U
o

z
Er
U)

NUÑ,4BEH OF WASHES

Fiqure 24. ¡ffect of number of launderinq cycles.

1DO% COTTON WASH I NG SHF I NKAGE _ WARP
INTEFIACIION OF IVASHING & DRYING METHOD

ç'
Ug
$z
tr
Ia

FL,ÂT DRY TI,[,4BLE ORY

DF¡YING METI.IOD

ffi umo wnsu Z? v¡cHrruE wesn

84

Fiqure 25. rnteraction of \^iashing and drying method.



1Da% COTTON WASH I NG SHF I NKAGE _ WARP
INTEFACTION OF WASH ¡¡ NO, OF \4ASHES

C\

Uo
Vz
EI
Ø

1

NUMBEÂ OF WASHES

ffi nnr.ro wnsl ffiutcarut wasa

Fiqure 26. Interaction of washing method & No. of washes

1OO% COTTON WASH I NG SHR I NKAGE - WARP
INTEFACTION OF DRYING & IIO, OF WASHES

x
Uo
z
É
Ta

1

NUMBEF OF 1'r'ASHES

ffi rmr onv 7- tvaate ont

Fiqure 27. Interaction of drying method & No. of washes.
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4.3.6 Analysis of weft shrinkage in the 100% cotton Fabric
( Fabric 3 )

The results of the ful-t factorial analysis for the l_00%

cotton fabric in the weft direction are tisted in Tabl-e 24.

From this table, it can be seen that W, N, and W*N had

significant influences on the dependent variabre, weft
shrinkage. To explain how those independent variables affected
the dependent variabl-e, their mean values \^/ere calculated and

t.he resufts are fisted in Table 25. rt can be seen from Table

25 that nearly arl the shrinkage values in the weft direction
are very low, i. e. less than 1å. only one l_aundering condition
resulted in a weft shrinkage of greater than Leo, and that
invofved 5 cycles of machine washing.

Table 24
Full Factorial Analysis of Variance
Weft Shrinkaqe of 100% Cotton Fabric

Source Type III MS Denominator MS F Val-ue p Value

W

T
W*T
D
W*D
T*D
W*T*D
N
W*N
T*N
W*T*N
D*N
W*D*N
T*D*N
w*T*D*N
f

77 .01,56
0.0434
0 . 0i-56
0.l-534
0.3306
0.0201
0 . 0l_t_7

1_2 .3084
1-0.1867

0 . 0201
0.0Bsl_
0 .1,667
0.0667
0.0584
0.0006
0.4378

0.4378
0.4378
0.4378
0.4378
0.4378
0.4378
0.4378
0.4378
0.4378
0.4378
0.4378
0.4378
0.4378
0.4378
0.4378
0 . 0r_83

38 .862
0.099
0.036
0.3s0
0.755
0.046
0.027

28 .I1.I
23.266
0.046
0 . l_94
0.381_
0.L52
0 . l-33
0.001

23. BB3

0.0001
0.7s49
0 . B5t-4
0. ssBl_
0.3913
0 . B3r_B
0. B7r-0
0.0001
0.000r-
0.83r-B
0 .6623
0 . 541-5
0.6988
0.71-73
0.9701_
0.0001_

Note. MS is mean square.
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'l_'aole ¿5

ffects and I acti ofr Vari

Level of Variables Number of
Measurements

Mean Value of
Shrinkage

W

H

M

N

1
q

N

1
tr

1

tr

W

H

H

J

L

72

72

72

72

36

36

36

36

0.0s
0.73

0.10
0.68

0 .02
0 .07
0.18
7 .29

rn summary, the independent variables that infruenced the
shrinkage of atl cotton Fabric 3 were different in the warp
and weft directions. As anticipated, the observed shrinkage
l-evel were always much higher in the \Marp than the weft
direction.

From the above resul_ts, the data provide sufficient
evidence that HorA, Horc and Ho2D can be rejected, however,
HorB cannot be rejected. Note that the difference between the
hand washing and machine washing met.hods used j_nvolved not
only a different level of mechanical agitation, but also the
absence and presence of detergent and cool ironing. Therefore
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the rejection
cool ironing,

of Ho2A may be due in part to the detergent and

well as the amount of agitation.

4.4 FuIl Factorial Anatysis of Two Fabrics
After having analyzed individ,uar fabric shrinkages in

both v¡arp and weft directions separatery by using a fulr
factorial analysis method, the fibre blend l-evel Ín the
fabrics was considered as another independent variable. This
means that the fabric was included as an additionar variabl_e
in the factorial analysis with two revel_s. since the 60/40
cotton/Tencef fabric v/as a union br-end fabric composed of 100%

cotton v/arîp yarns and 100s Tencel weft yarns, it v¿as only
possible to compare cotton yarns between fabrics in the \,ì/arp

direction and Tencel yarns in the weft direction. To do this
the warp shrinkage in Fabrics 2 and 3 were compared, since
they have the same cotton v/arp yarn, but different weft yarns.
Likewise, the weft shrinkage of Fabrics 1 and 2 were compared,

since they have the same Tencel- weft yarn, but differenr waro
yarns.

4.4.1' Factorial Analysis of warp shrinkage in Fabrics 2 and 3

A ful-r factorial analysis method was used to analyze the
warp shrinkage of Fabrics 2 and 3. By applying a fur_l
factorial analysis of variance by means of a sAS program (in
Appendix 3) , the results are l-isted in Table 26. From this
table, it can be seen that F, w, Dt w*D, N/ W*N, and D*N had
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significant infruences on the dependent variabre, v/aïp
shrinkage' To explain how those independent variables affect
the dependent variable, their mean values \{ere calculated and
the results are listed in Tabl_e 27 .

As mentioned previousry, a number of bar diagrams have be
drawn to illustrate the main effects and the observed
interactions. Figure 28 irfustrates how the washing method
affected the warp shrinkage, and it readily shows that machine
washing caused more shrinkage than hand washing. Fígure 29

illustrates how the number of laundering cycles affected the
v¡arp shrinkage. As expected specimens after 5 cycles had
greater shrinkage than those after 1 cycle. Figure 30

il-lustrates the effect of the fabric type on the revel of warp
shrinkage. The 100u cotton fabric had higher shrinkage than
the 60/40 cotton/Tencel blend fabric. Figure 31 illustrates
the effect of the drying method on the warp shrinkage, and
shows that tumbre drying gave slightly more shrinkase than
drying ftat.

Figrure 32 itlustrates the two way interaction of drying
method and number of raundering cycres. After one cycre,
drying flat and tumble drying produced similar shrinkage
results, while after 5 cycles, tumble drying was responsibre
for significantly higher shrinkage var_ues. Figure 33

illustrates the two v¡ay interaction of washing method and
number of cycles on the warp shrinkage. The choice of both
machine washing and 5 cycles increased the amount of shrinkaqe
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Table 26

Source Type III MS Denominator MS F Value p Value

F

W

W*F

T

T*F
W*T

I,V*T*F

D

D*F
W*D

W*D*F
T*D
T*D*F
W*T*D
w*T*D*F
N

N*F
W*N

W*N*F
T*N
T*N*F
W*T*N
w*T*N*F
D*N
D*N*F
W*D*N
w*D*N*F
T*D*N
T*D*N*F
w*T*D*N
w*T*D*N*F
r

50.2503
140.9800

1.9s03
0.0975
0.0642
0.0475
0.0125
5.4725
7.6959

30.3505
0.1750
0.3403
0.0078
0.0184
7 .0392

zo5 .34¿5
0.3403

L¿.O¿53
0.0003
0.1_2928
0.0378
0 .9225
0.3828
7.7253
o qq17

0.9684
l_.9503
0.5778
0 .0100
^ -^r^v.J¿53
0.0009
0.8713

0. 87t_3

0.8713
0.8713
0.8713
0.8713
0.8713
0.8713
0.8713
0.8713
0.8713
0. B7t-3

0.8713
0.8713
0.8713
0.8713
0.8713
0. B7l_3

0.8713
0.8713
0.8713
0.8713
0.8713
0 . B7r-3

0 . B7r_3

0 . 871_3

0.8713
0. B7r-3

0 . B7l_3

0.8773
0. B7l_3

0.871-3
0.0672

s7 .67 6

L67 .81,4
2 .239
0.]-12
0.074
0.0s5
0.014
o. ¿ó1,

1,.946
s4 . B4I
0.201
0.391
0.009
0.027
r.793

302 .4BB
0.391

74 .497
0.000
0.148
0.043
1.059
0 .4s4
B . t_78

1.138
1. t_1i_

z. zsY
0.663
0 .012
0.603
0.001_

1,2 .967

0.0001
0.0001
0.139s
0.7390
0.7869
0.8161
0 .9049
0.0148
0 .1,67 B

0.0001
0.65s5
0.5342
0.9249
0. BBs0
0.2789
0.0001_
0.5342
0.0003
0.9849
0.7074
0.8356
0.3073
0.5098
0.00s7
0.2900
0.2957
0. i_39s
0.4r_85
0.9L49
0.4403
0 .97 49
0.0001-

Note. MS is mean sguare.
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Table 27
Effects and rntefactions of rndependent variables
Vüarp Shrinkaqe of Fabrics 2 and 3

Level of Variabtes Number of
Measurements

Mean Value of
Shrinkage ( U )

F

a

Tn7

H
M

N
1

q

D
F
T

1-4 4
1,4 4

L44
l-44

l-44
l'44

l'44
l-44

'7)
72
72
72

72
72
72
72

/¿
72
an/z
TZ

2 .33
3.16

2 .05
3 .45

r.79
3.70

2 .67
2. BB

1.58
2 .51_
3.63
3 .26

1.30
2.79
2 .28
4 .67

1. Bl_
? A1

r.77
4.00

D
11

T
F
T
N
1

1
5

N
1
5
1
5

W

H
H
M
M

W

H
H
M
lvl

D
F
F
T
T

observed. Figure 3L shows the two way interaction of the
washing and drying methods. rn general¡ âs expected, machine

washing caused greater shrinkage than hand washing. when hand

washing was combined with tumble drying, t.hey produced higher
shrinkage than drying fr-at. However after machine

washing,drying flat produces the higher shrinkage. A possible
explanation for this unexpected phenomenon was qiven
previously in the discussion of Figure 7.
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Shr i nkage of Fabr i c 2 & 3 -Warp
Effect of vJashtng Method

c\

oo
d

!
a

HAND WASH MACHINE WASH

Vash ¡ ng Method

Fiqure 28. Effect of washinq method.

Washing Shrinkage of Fabric 2 & 3 _Warp
Effêct of Nuñber of Cycles

e
U

uz
É
I
a

Nunicer of Cyclos

Fiqure 29. Effect of number of l-aundering cycles.
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Washing Shrinkage of Fabric 2 & 3 _Warp
Effect of Fabrtc

G.

0o
d

tc
Ø

gl end Leve I of Fabr i c

60/40 Cotton/Tencet

Fiqure 30. Effect of fabrics.

Washing Shrinkage of Fabric 2 & 3
Effect of DrytnO Method

- Warp

ç'

0
d
!
5
E
Ø

Drylns Method

Tumble D-y

Fiqure 31. Effect of drying method.

93



Washing Shrinkage of Fabric 2 & 3
Interactton of Dry and No. of Cyctes

- Warp

ç'

o
o
d

:
Ø

Numôer Of CyCles

ffi elat orv Ø Tumbte ory

Fiqure 32. rnteraction of drying method & number of washes.

Wash i ng Shrrnkage of Fabric 2 & 3 -Warc
Interactton of Wash and No. of Cyctes

5

s
oo
d

5
!
Ø

1

Numlf,êr of Cycl€6

m F{and vrhsh ffitacntne vasn

number of washes.

OA

Fiqure 33. Interaction of v¡ashing method &



Washing Shrinkage of Fabric 2 & 3 -Warp
tnteractton of Washtng & Drytng Method

e
oo
d
!

i
a

3

2

1.5

1

0,5

o
F lat Dry Tulfc Ie Dry

Dry ¡ ng Method

m Hand vash ØMachrne \lash

Fiqure 34. rnteraction of washing and d,rying methods.

4.4.2 Factorial Analysis of weft shrinkage in Fabrics 1 and 2

The resul-ts of the furl- factorial analysis for the 1o0z

Tencel-, and the 60/40 cotton/Tencel fabrics in the weft
direction are listed in Tabl_e 28. From this tabte, it can seen

that F/ W, W*F, W*D, N, N*F, and W*N had significant
influences on the dependent variable, weft shrinkage. To

explain how those independent variables affected the dependent
variable, thei-r mean values were calcul-ated and are listed in
Table 29. The bar diagrams in the Figures 35 - 41 that folrow
have been drawn so as to illustrat.e the data in Table 29.
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Table 28
Full Factorial Analysis of Variance
Vüeft Shrinkaqe of Fabrics 1 and 2

Source Type rlr MS Denominator MS F Vafue p Value

F

W

w*F
T

T*F
W*T

I,V*T*F
D

D*F
W*D

W*D*F
T*D
T*D*F
W*T*D
w*T*D*F
N

N*F
W*N

W*N*F
T*N
T*N*F
W*T*N
w*T*N*F
D*N
D*N*F
vü*D*N

w*D*N*F
T*D*N
Tr*D*N*F
w*T*D*N
w*T*D*N*F
r

260.]-L00
7 2 .5009
20 .2142

2 .3653
0.2875
0.1208
0.0834
0.3267
0.2278
3 .7 L2B
2 .0842
0.00s9
0.0028
1.54s9
0.542s

37.9l.75
5. B6s3

15 .4475
L.7578
0.49L7
0.0009
r_.0878
0 . 7100
0. s084
0.5253
0.27s0
0.9684
1.0633
0.0000
1. s107
0 .2s92
0.7L97

0.7797
0.7797
0.7I97
0.7797
0.7797
0.7I97
0.7I97
0.7r97
0 .71_97

0.7797
0.7L97
0.7L97
0 .717 4

0 .7 1-97

0.7797
0.7797
0 .7 1-97

0.7L97
0.7r97
0.7197
0.7!97
0.7797
0.7L97
0.7r97
0.7L97
0.7797
0.7I97
0.7797
0.7r97
0 .7 r97
0 .7197
0.0336

367.42L
100.739

28 .087
3.287
0.400
0.168
0.116
0 .4s4
0.3I7
s.1s9
2 .896
0.008
0.004
2 .748
0.754

52 .686
8.150

27.464
2 .442
0.683
0.001
1 -4^t.3tz
0.987
0.706
0.730
0.382
J_. J4b
I.47 B

0.000
2 .1"07

0.332
2L.434

0.000r_
0.0001
0.0001
0 .07 45
0.s296
0.6833
0.7347
0.5029
0 .57 57

0.0265
0 .0937
0.9283
0.9s03
0 .747 7

0.3BBs
0.000r_
0.00s8
0.0001-
0.l_230
u . 4t-_Lb

0.9724
0 .2234
0 .3243
0.4038
0.3961_
0.s386
0.2504
0 .2286
0.9945
0 . r-51_s

0. s663
0.0001

Note. MS is mean square.
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Table 29
Effects and I ction nde Vari

Level of Variables Number of
Measurements

Mean Val_ue of
Shrinkage ( 3 )

F

1

2

W

H

M

N

1

5

744
744

144
144

144
144

'7)

'74

tz

72

72

72

72
a-tz

72

tz

72

72

tz
72

tz
72

2 .33
0.43

O. BB

1.BB

r .02
L74

r .57
0.19
3.10
0 .67

0. B0

0.96
2 .03
r.7 4

1.83
0 .27
2.84
0.6s

0.7s
1. 0l_

r. ¿9

2 .48

F

1

2

1

D

F

T

F

T

F

7

2

I
2

N

l_

5

1_

5

W

H

H

M

M

W

l1
11

H

M

M

N

1

1

5

5

v{

H

H

M

M
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Washing Shrinkage of Fabric I & 2 -Weft
Effoct of washtng Mêthod

èR

o
d

:
q

HANO Í/ASH MACHINE WASH

Y¿ash ing lvethod

Fiqure 35. Effect of washins method.

Washing Shrinkage of Fabric I & 2 _Weft
Effêct of Numbor of Cycles

e
o
d

i
Ø

Number of Cyclos

Fiqure 36. Effect of number of laundering cycles.
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Washing Shrinkage of Fabric .1 & Z _Weft
Effect of Fabrlc

a
o
d

;
a

Blend Levol of Fabric

60/40 Cotton,/Tencel

Fiqure 37. Effect of fabrics.

\Ä/acl¡ ; n- Ql-'- i ^lvvq-rrr rrv \_ri rr rr<age of Fabr ic I & 2 _Wef t
Interactton of No, of Cycles & Fabrìc

ç'
oo
@

:
Ø

Bfênd Lsvol of Fa5rtc
ffi r cvcre Øt "r",",

60/40 (}ttan,/Tencel

Fiqure 38. rnteraction of number of washes ç fabri-cs.
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Washing Shrinkage of Fabr ic ,i & 2 _Weft
Interactton of Washtng & D-ytnO Method

a
oq
d

c
Ø

1.5
1,8
1.7
1.6

1,4

1.1
I

0.s
0.8
o.7
o.6
0.5
0,4
o.3

., o,2
0.1

0
Flat Dry Tumbte Dry

Dry ¡ ng f.têt hod

m Hand vash ffiuacntne wasn

Fiqure 39. rnteraction of washing and drying methods.

Washing Shrinkage of Fabrtc I & 2 _Weft
lñtê.actton of Washtng Method & FaÞrrc

s
0o
d

5
Lc
a

3.4

2.4

1.8
1.6

1.4

1,2
1

o.8

0.4

o
10091 Tence I 60/40 Cotton/Tence I

Blsnd Lsvel of Fabrfc
m F|and \!hsh V- Machtne \last1

Fiqure 40. rnteraction of washing method and fabrics.
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Washing Shr inkage of Fabric .1 & 2 _Weft
Interactton of Wash and No. of Cycles

èR

o
d

i
0

2.2

2

1.8

1,4

I

0.a

0.6

o,4

0
I

Number of Cycles

m Hand vash ffiuacntne tttash

Fiqure 41. rnteraction of washing method & No. of washes

Figure 35 presents how the washing method affected the
weft shrinkage, and it can be easily seen that machine washing
resulted in greater shrinkage than hand washi_ng. Figure 36

illustrat.es how the number of laundering cycles affected the
weft shrinkage, and shov¡s that after 5 cycres the fabric
specimens had greater shrinkage than after J_ cyc1e. Figure 37

shows the considerable effect of the fabric type on the weft
shrinkage. the shrinkage in the 60/40 cotton/Tencel fabric was

very lov¡, whil-e that in the 1o0u Tencel f abric was high,
reaching levels in excess of 2eo.

Figure 38 il-lustrates the interaction of the number of
launderj-ng cycles and the type of fabric on the weft
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shrinkage. while the choice of the l_00å Tencel fabric and 5

rather than l- cycle contributed consÍstently to higher
shrinkage fevels, the shrinkage the of 60/40 cotton/Tencel
f abric \^/as always low ( i .e. , l-ess than rz even af ter 5

cycles ) . The two way interaction of washing and drying methods

is presented in Figure 39. the shrinkage behaviour \^/as simil_ar
to that found in Figure 7. Figure 40 ill_ustrates the two way

interaction of washing method and the type of fabric. The weft
shrinkage of the 6o/40 cotton/Tencel fabric v¡as l_ow after
either machine or hand washing, whereas the 100u Tencer fabric
exhibited high shrinkage levefs, especially after machine
washing when they reached 3.r2. Figure 4r shows the rwo way

interacti-on of washing method and number of laundering cycles
both of which have a significant effect on the weft shrinkage.
After l cycJ-e, the shrinkage v/as low regardless of the washing
method, while after 5 cycles, the hand washing shrinkage \,\¡as

still low (about 1%), while machine washing had resulted in a

high shrinkage of about 2.52.
From observed resul_ts, the

has a significant effect on the
This supports Ukponwan,s (1990)

is rejected.

4.5 Discussion of the

From the previous

fabrics, and the 2

fibre content in one direction
shrinkage in other direction.
previous study. Therefore, Ho.

Significant Effects on Shrinkage

full factorj-al_ analyses of individual
fabric comparisons, the independent

1,02



vari-ables which have had significant effects on

in the v¡arp and weft directions are summarized

Tables 30 and 3l_ respectively.

Tabl-e 30

Siqnificant Effects on Warp Shrinkaqe

the shrinkage

and listed in

Tencel- Cotton/Tencel Cotton Cotton/Tencel vs Cotton

W

W*D

N

W*N

W

W*D

N

W*N

D*N

W*D*N

W*T*N

W

TI

vü*D

N

W*N

D*N

F

W

D

W*D

N

W*N

D*N

Table 31

Siqnificant Effects on Weft Shrinkaqe

Tencel- Cotton/Tencel Cotton Cotton/Tencel vs Tencel

W

W*D

N

W*N

WW

NN

F

vü

W*F

W*D

N

N*F

W*NW*N W*N

1-0 3



From Tables 30 and 3r, it can be seen that the washing

method and the number of laundering cycles had main effects
and caused interactions on the shrinkage of each fabric in
both \4/arp and wef t directions, as well as on the shrinkage of
two fabrics compared together. This indicates that the washing

method and the number of laundering cycles are the two most

important independent variables in controlling the shrinkage
level during laundering and means that when selecting care
rabel-s, the washing method h1= t.o be considered very
carefully. The significance of the number of laundering cycles
indicates that progressive shrinkage prays a dominant rol_e on

the behaviour of these three fabrics.
rn addition, in the viarp direction, the drying method had

a marginal (p 0.0448) main effect on the shrinkage of the
100% cotton fabric, but not on the 100% Tencel or the
cot-Lon/Tencel blend fabrics. when the cotton/Tencel blend and,

100% cotton fabrics v/ere analyzed together, this main effect
also occurred. Further more, the drying method j_nteracted with
the washing method for alr- three fabrics, and with the number

of cycles for the cotton/Tencer blend and the 100a cotton
fabric, but not the 100% Tencel fabric. when the warp

direction of the cotton/Tencel btend and 100å cotton fabric
were compared, this interaction \¿ras unexpectedly observed

again.

rn addition, the washing method and the number of cycres
were involved together in two 3 way interaction in the warp

1_04



shrinkage of only the cotton/Tencer bl-end. fabric. one of these
3 way interactions with the drying method was quite
significant (p 0.0001), whereas the one with temperature,
which was not invol-ved in any main effects was quite marginal
(p 0.0242) .

rhe type of fabric had a main effect on the v/arp

shrinkage when Fabrics 2 and 3 were compared, but it did not
interact with any other independent variable. A possible
explanation for this is that the warp shrinkage of these tv¡o

fabrics are quite similar.

rn addition, in the weft direction, the dryinq method had

an interaction with the washing method for the 10ou Tencel
fabric and when the 100u Tencer and cotton/Tencer b]end
fabrics were compared. on account of the much higher weft
shrinkagre observed for the 100u Tencel fabric than with the
cotton/Tence1 blend fabric, it is to be expected that when

they were compared, the type of fabric wour-d appear as a main

effect. In addition, it was found that this two fabric
comparison identified 2 way interactions between the type of
fabric and the washing method and the number of cycles.
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4.6 Shrinkage after Enzyme Finishing
Before enzyme finishing (c1ark, rgg2), 5 pairs of marks

60 cm apart were made on the two fabrics with Tencer content,
i . e. Fabrics l- and 2 in both directions . The marks v/ere

measured again after enzyme finishing. The shrinkage that
occurred during enzyme finishing was then calculated for each

fabric in each direction, and the results are listed in Table
32.

Table 32

Shrinkaqe durinq Enzvme Finishinq

Shrinkage Fabric 1

Warp Weft

Fabric 2

Warp Weft

Mean (%)

Standard Deviation
0

0

93

s7

7B

33

1AL+

I9

¿.+z

0 .43

1

0

Iz

0

After enzyme finl-shing, Fabrics L and 2 were raundered
using the I machine washing conditions which had yielded the
highest l-aundering shrinkages during the previous experiments,
i. e. Treatments 9 - 1,6. The mean values and standard
deviations of l-aundering shrinkage were cal_culated by the sAS

program (sAS, l-985). The resul-ts are listed in Tabl-e 33. For
comparison purposes, t.he laundering shrinkages of Fabrics i_

and 2 without enzyme finishing are al-so listed in Table 33.

l_0 6



Table 33

Treatment

9

1-0

l_1

1-2

1_3

I4

l-5

1_6

Mean (%)

Std Dev
Mean (%)

Std Dev
Mean (%)

Std Dev
Mean (3)
Std Dev
Mean (U )

Std Dev
Mean (Z)
Std Dev
Mean (A)
Std Dev
Mean (U )
Std Dev

Fabric l-

Warp Weft

t_

0

3

0

0

0

3

U

i_

0

2

0

1

0

z

0

93

33

56
ol_

Y¿

13

Bl_

58
50

92
49
21,

45

5B

2 .53
0 .43
4.L6
0 .42
2 .04
0.35
4.30
0.7L
) A2

0. s5
4 .09
0.55
2 .12
0 .42
3.1-1
0 .42

Í'aþrl-c 2

wutp 
-w"rt

2 .1"3

0 .27
4 .66
0.30
1.56
0 .29
< x9

0. t_9

2.22
0.16
4 .39
0 .37
2 .0r
0 .20
4.03
0.32

0

0

7

0

0

0

1

U

0

0

7

0

0

0

0

0

AA

OB

4I
72
L9

23

60

29
13

35

23

35

72
59

Fabric 1

Warp Weft

1

0

1

0

1

0

2

0

1

0

1

0

1

0

2

0

44
57

72
6s
2B

20
)?
50

33
44
/a

69
32

10
60

1

0

1

0

1

0

1

0

1

0

1

0

0

0

1

0

22
40
53

45
I6
30
77
??

39
42
64
4tr.

27

3B

35

Fabric 2

Warp Vtef t

I
0

)
0

1

0
..)
z

0

1

0

)
0

1

0

z

0

53

23
?A

27
78
30
QA

55

84
49
29
53

37
AË.

92
52

0

0

0

0

tl

0

U

0

0

0
n

0

0

ô

0
n

36
32
20
1,2

77
2B

90

z/
67
32

60
26
?A

I2
\4
26

707



From Table 33, it is evident that the r-ever_ of warp and

weft shrinkage was usually smaller after enzyme finishing than
before. student t-tests were performed to determine if the
observed difference in laundering shrinkage before and after
enzyme f inishing v¡ere si-gnif icant or not. Each pair of
shrinkage data was tested according to the foflowing formula:

^2. ^2v7 'v2

af

Degirees of freedom : 2n

Where X :

S

tl-

The t-test
Table 34.

Table 34
TeS

the mean shrinkage val_ue.

standard deviation of shrinkage.

the number of measurements

results were converted to values and listed int'ì
-t-

TreaLment and
( Condition )

p Value of Fabric 1 p Val-ue of Fabric 2
Warp Weft Warp Weft

9(20,
70 (20 ,

]-7(20,
12 (20 ,

13 (40,
74 (40 ,

7s (40,
1_6 (40 ,

0.0401

0.0845r
0 .0]-2L
0.2974
0.0001_
o q77?r

0.0629

0.000r_
0.0001_

0.0001_
0.0001_
0.0003
0.000i_
0 . 0001-
0 . 0001

0.0001
0.0001
0.L2781
0.0002
0.0435
0.0001
0 . 00r_2
0.0001

0.3450
0.000r_
0.0001r
0.1457
0.0335r
0 . 002r_
0.3826r
0 .42L]-

Ea

E1

rF

rF

E.l

F.-

Tl
T,

1)
q\

1)

1)

1)

Note. The significance level_ is 0.05. r

fabric shrinkage \üas higher afterrather than before.

means that the mean
enzyme finishing
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From Table 34, it can be seen that for the 1002 Tencel
fabric, Fabric 1-, arr the weft shrinkages are significantly
difference and lower after enzyme finishing compared with
before. rn the warp direction, shrinkages after enzyme

finishing, however, significantly r-ower occurred usuarry only
after 5 cycles of machine washing and not after 1 cycr_e. the
one exceptl-on was found with Treatment L6 where the p value
was marginal_ at 0.0629.

From the previous resurts with no enzyme finishing, the
weft shrinkage of the 100% Tencer fabric was surprisingry
greater than the warp shrinkage. rt appears that after enzyme

finishing this fabrics became much more stabilized, because
the level of weft shrinkage v/as significantly reduced. rn fact
the weft shrinkage fell to such a low leve1, that in all but
2 cases (Treatments 13 and 14), it was now r_ower than the
amount observed in the viaïp direction (Table 33 ) .

A similar stabirizing effect was observed in the v/arp

direction of the cotton/Tencel_ bl_end fabric, Fabric 2. rn all_
cases except Treatment L]-, the v¡arp shrinkage v¡as

significantly as a result of enzyme fínishing. This means that
the relativery high level of shrinkage of the cotton warp
yarns in Fabric 2 which were on average 1.988 and,4.24z for 1

and 5 cycles respectively / .r¡¡eïe reduced to more acceptable
levels (l-.63% and 2.622 respectively) as a resul_t of includinq
an enzyme finishing step.

The weft shrinkage of Fabric 2 was found to be low both

1_0 9



before and after enzyme finishing. with the average shrinkage
value falling from 0.67% before enzyme finishing to 0.55%

after, it is believed that these values are too smalf for
enzyme finishing to have any significant effect. rt should to
remembered that the estimated experimental error associated
with making any one shrinkage measurement v/as + 0.5%.

rf the observed rever of shrinkage that occurred during
enzyme finishing is added to the observed laundering shrinkage
after enzyme finishing (Tables 32 and 34), then the total
cal-cufated shrinkage has been found to be invariably higher
than the laund,ering shrinkage without enzyme finishing. This
could be interpreted to mean that the shrinkage l-evel reached
after 5 cycles of laundering treatment was not the shrinkage
l-imit, but this is not necessariry the case, since the
temperature and agitation conditions during enzyme finishing
were more severe than any of the 16 experimental faunderinq
conditions used in this studv.

4.7 Ful-l Factorial AnaÌysis after Enzyme Finishing
The laundering conditions of fabric specimens exposed to

enzyme finishing are listed in Table 5 (chapter 3). with these
B treatments, there v¡ere 3 independent variabres: washing
temperature (T), dryíng method (D), and number of raundering
cycles (N), each with two levels. rn addition 2 other
independent variables \irere also included: enzyme f inishin g (z)
and the type of fabric (F) , each again with 2 r-ever_s.
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Therefore a futt factoríal
5 independent variabl_es in
4) in order to determine

influences on the dependent

The significance level was

analysis was performed using these

a SAS program (SAS, 1985)(Appendix

which variables had significant
variabl-e: v¡arp or wef t shrinkage.

again maintained at p

4.7 .r Ful-l Factoriat Analysis of warp shrinkage of Fabrics 1

and 2 afLer Enzyme Finishingr

A full factoriar analysis method was undertaken to
investigate the effect of enzyme finishing on the laundering
shrinkage of Fabrics 1 and 2 in the warp direction. The

resul-ts are risted in Table 35. From Tabre 35, it can be seen

that the variables F, Zt ZxF, D*Zt N, N*F, N*2, and, D*N had a
sÍgnificant influence on the revel of shrì_nkage. since the
effect of laundering condi-tions, such as drying and number of
cycles, and the type of fabric have already been discussed in
a previous section of this chapter, they will not be discussed
again here. only the enzyme finishing (z) and the independent
variables which interacted with the enzyme finishing will be

discussed. Their mean values were calculated using the sAS

program/ and the results are shown in Table 36.
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Tabl-e 3 5

Ful-1 Factorial Analysis of Variance
War Inka bric d2a shin

Source Type rrr MS Denominator MS F Value p Value

F
oL

Z*F
T

T*F
T*Z
T*Z*F 

,

D

D*F
D*Z
D*Z*F
T*D
T*D*F
T*DXZ
T*D*Z*F
N

N*F
N*Z
N*Z*F
T*N
T*N*F
T*N* Z

T*N* Z*F
D*N
D*N*F
D*N*Z
D*N*Z*F
T*D*N
T*D*N*F
T*D*N*Z
T*D*N*Z*F
r

34.1689
47 .6939

2 .4200
0.4835
1. 1501
0 . 0113
0.3901
0.9800
0.0200

I0 .4272
0.0006
0.3335
0.3613
7.2013
0.3335

737 .7 606
4.9089

26 .4022
0 . 12s0
1. 0513
0 .2II2
0 .6235
0.003s
3 .0422
0.1800
1. B6B9

0.4356
0 . 01-l_3

0.3901
0.3335
0.003s
0 . 531_7

0.5317
0. s317
0. s317
0.s317
0. s317
0. s317
0. s317
0. s317
0. s317
0.5317
0.5377
0. s317
0.5317
0.53l.7
0 . s31_7

0.531_7
0.5317
n q?17

0.53]-7
0.5317
0.5317
0.5317
0.53L7
0.s317
u.5Jl/
0 . s3l-7
0. s31-7

0. s31_7

0 .531"7
0 . s3l_7
0.5317
0.L047

64 .268
89.706

/ Etr')A. JJZ

0.909
2.\63
0.021
0.734
7 .843
0.038

19 .672
0.001
0 .627
0.679
2 .259
0 .627

247.825
9.233

49.6s9
0.235
1,.977
0.397
L.17 3

0.007
3 . | ¿¿

0.339
3 . 5l-5
0.81-9
0 .02L
0.734
0.627
0.007
s.080

0.0001
0.0001
0.0367
0.3439
0.1462
O. BB4B

0.3948
0.1793
0. B46B

0.0001
0 .97 43
0.4313
0 .4128
0.7377
0.431-3
0.0001
0.0034
0.0001
0 .6294
^11Ãf

0.5307
0.2829
0.9358
0 .01_97

0.5627
0.06s4
0.36BB
0.8848
0.3948
0 .431_3

0.93s8
0.0001_
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Table 36
EffectF ?nd rnteractior,rs of rndependent variableswarp shrinkaqe of pabrics 1 and- 2-ãFÈnz.zlne pinishinq
Level- of Variabl-es Number of

measurements
Mean Value of
Shrinkage (% )

1.86
2 .68

I.67
2 .II
a "\Aá.2+
3 .11

7.7 3
2 .92
r .99
2 .43

r.49
r.7 0
2 .23
3 .65

Note. E: After enzyme finishing, or llo enzyme finishinq

rn order to cl-arify these effects, bar diagrams have been

drawn in Figures 42 - 45 to illustrate the data in Table 36.

Figure 42 shows the main effect of enzyme finÍshing. on

average the v¡arp shrinkage of Fabrics l- and 2 ferl from a

level of about 2.72 without enzyme finishing to less than 2%

after enzyme finishing. Figure 43 itlustrates the interaction
of enzyme finishing with the type of fabric. rn general,
Fabric 2 had a higher warp shrinkage than Fabric 1, and after
enzyme finishing, not onry did the shrinkage level of both
fabrics decrease, but the cotton lrarp in Fabric 2 shrank more

than the Tencel warp in f'abric 1.
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Figure 44 shows the interaction of enzyme finishing with
the drying method. After enzyme finishing, tumbl_e drying had
slightly higher warp shrinkage than drying frat. whereas
wit.hout enzyme f inishing, the opposite \^/as observed. An

explanation for this unexpected shrinkage behavíour was given
previously when discussing the meaning of Figure 7. Figure 45

illustrates the interaction of enzyme finishing and the number
of l-aundering cycles. Regardr-ess of the enzyme finishing, the
v¿arp shrinkage was arways greater after cycres than 1 cycre,.
However this difference of about 2z without enzyme finishinq
v/as reduced to only about 0.72 after enzyme finishinq.

WASHING SHRINKAGE OF FABRIC I & 2-WARP
Effect of Eñzyñe Treatoent

a
u

sz
E
I
Ø

2.8

2.2

1.A

1,6

1,4

1

0.8

o.6

o.4

8.2

0

Wlthout Enzyme

Enzyme Treatrent

After Enzyre

Fiqure 42. Effect of enzyme finishinq
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WASHING SHRINKAGE OF FABRIC I & 2-WARP
INTERACIION OF ENZYME & FABRICS

ç'

u
o

E
I
@

IOOJlg TENCEL

FIBÈR CONIENT OF FABNICS

ffi erter Enzyme M vithout Enzyme

Fiqure 43. rnteraction of enzyme finishing and type of fabric.

WASH I NG SHR I NKAGE OF FABR I C ,1 & 2_ WARP
lnteractron of Enzyme & Drytng Method

ç'

Uo
sz
a
Iø

After Enzyme

Enzyme Treatment
ffi rt"t *" XX Tutrbte Dry

Fiqure 44. rnteraction of drying method and enzyme finishing.
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WASHING SHRINKAGE OF FABRIC I & 2_WARP
Interactfon of Enzyme & No. of Cyclas

a
U

z
G
T
Ø

4

3.5

3

2.5

15

1

0.5

0
After Eñzyme 's¡rlthout Enzyme

Enzymê Treatment

ffircvcte ffiscvcr".

Fiqure 45. rnteraction of No. of cycles and enzvme finishinq

4.7 .2 Fulr Factorial Analysis of weft shrinkage of Fabrics 1,

and 2 after Enzyme Finishing
The same statistical- method was used to investiqate the

effect of enzyme finishing on the weft shrinkage of Fabrics 1

and 2 as was described previously for the warp direction. The

statistical results are tisted in Tabl-e 37, where it can be

seen that the variables Et Zt Z*Ft T*D, N/ N*F, and N*Z had a

significant influence on the level of weft shrinkage. since
the effects of the laund.ering conditions and the type of
fabric have already been discussed in a previous section of
this chapter, they will not be discussed again here. Only the
effect of the enzyme finishing (z) and the independent

IL6



variables which j_nteracted with the enzyme

Z*F, and N*Z will be discussed. Their mean

finishing i. e. Z r

shrinkage values
were cafculated by the sAS pïogram, and the results are shown

in Table 38.

'I'aote 3 /
Full Factorial Analysis of VarianÇe

rinka Fabri lan ter E Fin

Source Type lrr MS Denominator MS F Value y va_Luc

F

ZXF
T
T*F
T*Z
T* Z*F
D

D*F
D*Z
D*Z*F
T*D
T*D*F
T*D*Z
T*D* Z *F
N
N*F
N*Z
N*Z*F
T*N
T*N*F
T*N*Z
T*N* Z *F
D*N
D*N*F
D*N*Z
D*N* Z*F
T*D*N
T*D*N*F
T*D*N*Z
T*D*N*Z *F
I

190.9384
6L .327 B

46.3203
I.2403
0.2628
0. s9s9
0.097s
1.37s0
7.4028
r.7578
0.047s
3.5334
0.0003
0.3134
0 .49L7

35.0703
6.9378

17 .3559
7.2403
0.7977
0.3828
0.7300
0.0642
0.3684
0.042s
0.l_750
0.0028
1,.4028
0 .07 67
L .1"628
0.0475
0.4798

0 .47 98
0 .47 98
0.4798
0.4798
0 .4798
0 .47 98
0 .47 98
0.4798
0.4798
0 .47 98
0 .47 98
0 .47 98
0.4798
0.4798
0.4798
0 .47 98
0.4798
0 .47 98
0.4798
0 .47 98
0 .47 98
0 .47 98
0 .47 98
0 .47 98
0 .47 98
0 .47 98
0 .47 98
0.4798
0 .47 98
0 .47 98
0 .47 98
0.04L7

397.932
1,27 .873

96.536
2.585
0.548
I 

^r^r.¿+¿
0.203
2 .866
2 .924
3.663
0.099
7 .364
0.001
^ 

aÍ^U. Of J
1,.025

73.090
74 .459
36.777
2.585
1.650
0.798
1,.527
0.134
0.768
0.089
0.365
0.006
2 .924
0.l_60
2 .423
0.099

l_l_. 506

0.0001
0.000r_
0.0001
0.1128
0 .4620
0.2693
0.6s36
0.09s3
0.0927
0.0601
0 .7 s40
0.008s
0.9797
0 .4220
0.37s2
0.0001
0.0003
0.000r_
0 .1_128
0.2036
0.3751_
0.2219
ñ '7 1 É,'7
V . 

' 
LJ I

0.3842
0 .7 669
0.5480
0.9392
0 .092I
0.6906
0 .1"245
0 .7 s40
0 . 0001-
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Table
E

3B
SA actí f fn den

sh of ics 1 zdL shin
Level of Variabl-es Number of

Measurements
Mean Value of
Shrinkage ( % )

L

E 744
744

72
72
72
72

'7-

72
72
tz

F
1

1

1

Z

E

E

oL

E

E

ô
N

1
1
5

5

0.96
1.BB

I.J/
0.55
3.10
0 .67

0. 86
7 .29
1.06
2 .48

The bar diagrams in Figures 46 - 48 have been drawn to
illustrate the data in Table 38. Figure 46 shows the main
effect of enzyme finishing. simil_ar to the findings in the
warp direction, the l-evel of wef t shrinkage v¡as reduced
significantly to a level- of bel-ow rz as a result of enzyme

finishing. Figure 47 illustrates the interaction of the enzyme

finishing with the type of fabric. Unlike the results observed
in the v¡arp direction, the Tencel weft in Fabric I was

invariably associated with much higher shrinkage ]evel than
that in Fabric 2. However, as observed previously, the effect
of enzyme finishing was to reduce the level_ of weft shrínkage
of both fabrics, and this reduction v¡as felt to a much greater
effect by Fabric r- than by Fabric 2. Figure 4g irrustrates the
interaction of enzyme finishing and the number of r_aunderinq

l-t_B



cycles. with or without enzyme finishing, the weft shrinkage
was always higher after 5 cycles, whire after enzyme

finishing, the level of shrinkage fell for both 1 and 5. The

much fower weft shrinkage after 5 cycles suggested that enzyme

finishing does provided significant stabilization to both
types of fabrics.

From observed results, the data provide sufficient
evidence that enzyme finishing has significantJ-y reduced the
fabric shrinkage and stabitized the fabric dimension.
Therefore, Hon is rejected. rt is worth noting that since the
enzyme treated samples were washed at a different time from
the non-enzyme treated samples, there remains a possibility
that the rejection of this hypothesis is due to the non-
totally randomized desiqn.

WASH ING SHR I NKAGE OF FABR IC .] & 2_WEFT
Effect ot Enzyme Treatment

ç'

Ug(
z
tr
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Ø

2

1.9
1.8
41
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1.1
1

o.9
0,8
o.7

0.4

o.2
0,1

o
After Enzyme Wtthout Enzyæ

Enzyre Treatment

Fiqure 46. Effect of enzyme finishing
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WASHING SHRINKAGE OF FABRIC 1 & 2_WEFT
INTEFìACTION OF ENZIME & FABtrICS

ç'

U

Vz
EI
Ø

FIBER CONTENT OF FABRICS

ffii Af ter Enzvme M tvithout Enzyme

60,/ 40 COTTON,/ TENCEL

Fiqure 47. fnteraction of enzyme finishing and type of fabric.

WASHING SHRINKAGE OF FABFIC 1 & 2-WEFT
Interactlon of Enzyme & No. of Cycles

a
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z
É
I
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Enzyme Treatrent
ffi,t".," Mtar.'.=

\¡/¡thout Enzyme

cycl-es and enzyme f inishing.Fi-qure 48. Interaction of No. of
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Results of Changes in Geometric Structure
.1 change in Geometric structure due to Launderinq and

Enzyme Finishing

with a view to investigating the changes i_n geometric
structure of the fabrics due to launderi_ng, those specimens

from each of the 3 fabric types which possessed the hig.hest
average shrinkage after laundering were selected for cross_
sectioning and geometric analysis. From the previous results
in the study Treatment 12 \^/as found to have the highest
average shrinkage. Also, to determine the effect of enzyme

finishing on the geometric structure, additionat fabric
specimens were selected after enzyme finishing and after both
enzyme finishing and Treatment 12. The plan for selecting
these specimens for cross-sectioning is presented in Tabl-e 7

except that Treatment X was replaced by Treatment 12.

The inter-yarn distance and crimp height of the cross
seclions v/ere measured, and their mean values and standard
deviations v/ere calcurat.ed. The resur-ts are listed in Tabte
39. To compare the geometric parameters before and after
laundering or enzyme finishing or both, student t tests were
used, and the results after converting to p values are l_isted
in Table 40.

From Table 40, it can be seen that all of the mean inter_
yarn distances in both directions decreased as a result of the
laundering treatment, enzyme finishing, or both. This resul_t
was expected because fabric shrinkage resul_ts in a more

4.8

4.8
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Table 39
Measurements of Geometric Structure (mm)

Treatment Fabric
Type Direction

Inter-yam Distance

Mean SD

Crimp Height

Mean SD

Before
Laundering

Fabric 1 Warp 1.041 0.018 0.252 O.030
Weft 0. Bs1 0.03 3 O .297 O .026

Fabric 2 Warp I.L27 0.041 0.308 0.016
Weft 0.871 0.023 0.300 0.Oi_4

Fabric 3 Warp I.I24 0.05 4 O .267 0.025

Treatment 72 Weft 0.825 0.033 0.320 0.032
Fabric 2 Warp 1.090 0.045 0 .205 0.025

Weft 0. B5B 0.046 O.2BB 0. O2B
Fabric 3 Warp I.07 B 0.048 O .253 0.0 j_6

Finishing Weft 0.822 0.027 0.306 0.022
Fabric 2 Warp 1.097 O .01,4 O .265 0.021

Finishing
and
Treatment 72

Weft 0.803 0.010 0.303 0.024
Fabric 2 Warp L.O7I 0.037 0.23L 0.031-

Weft 0. B5t- 0.029 O.2gO 0.025

Note. SD: Standard Deviation.

compact fabric with closer yarn distance. However, some of the
measured mean crimp heights increased whi]e others decreased.
This phenomenon can be explained when the warp and weft crimp
heights of the same fabric change i_n opposite directions,
because the sum of the two is a constant if the diameter of
the 2 yarns remains constant (peirce, 1,937).
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Table 40

Comparison

Before c After
Treatment 12

Before c After
Enzyme Finishing

After Enzyme Finishing &

Enzyme Plus Treatment 1,2

Fabric 1

Warp l¡üef t

Note. The significance
after treatments
ID is inter-yarn

rD

CH 0.0384r

0.000s

0.2359

ID

CH

ID

CH

0.0168

0.0149r

Fabric 2

Warp Weft

level- is 0.05. Alt p value
unless indicated with an r

distance, and CH is crÍmp

U

0

0

.0099

.261,0t

0.

0.

0039

¿JJó'

0059

6900

010 5

0001

0

0

0.0027

0.0000

0

0

.27 95

. LT2O

.4457

399 6

.l-769

.5643

Fabric 3

üüarp Wef t

0

0

0053

0002

0

0

0

0

0066

047L

refer
which

ho'i n]¡ {-¡rurYr¡L

0

0

to decrease j_n geometríc disrances
indicates an increase.

0

0

1327

0002I

1,23



All of the warp and weft. inter-yarn distances of the l_0ou

Tencel fabrric/ Fabric 1 became significantly smaller as a

resul-t of the l-aundering treatment/ enzyme finishing, or both
treatments. The only significant change in crimp height
occurred due to the laundering treatment, when both warp and

weft cri-mp heights were observed to increase. This was not
anticipated, and may have been due to changes in yaïn
structure, fibre migration and possibly changes in yarn
diameter during the l_aundering treatment.

The only significant changes in inter-yarn distance and

crimp height for the coLton/Tencel bl-end fabric, Fabric 2 were
observed in the v/arp direction. significant decreases in both
geometric parameters were recorded after al-l 3 treatments,
which confirm that there was significant shrinkage of the
cotton \^/arp yarns, but not by the Tencel yarns in the wef t
direction.

A similar finding was made in the geometric structure of
the al-l cotton fabric, Fabric 3, as a result of laundering by
Treatment 1-2. significant decreases in warp inter-yarn
distance and crimp height were observed which accompanied by
a increase in weft crimp height. Theoretically, the sum of the
warp and weft crimp heights should be a constant¡ so that an

increase in crimp height in one direction wirl result in a

decrease in the other direction (pierce, Lg37). From the
observations in Tabl-e 40, t.he behaviour of Fabric 3 aqrees
we]l with this theorv.

L24



rf either the inter-yarn distances or the crimp heights
in Table 40 have a p value smaller than 0.05, then the
hypotheses will be rejected. Therefore/ HosA/ HouB and Ho.c are
rejected except for Fabric 2 Ln the weft direction.

4.8.2 comparison of shrinkage Measurements with chanqes in
fnter-yarn Distance

By comparing the observed inter-yarn distances before and

after the different treatments from Table 39, it can be seen

that this geometric parameter decreases in both directions
after TreaLment 12. This means that the distance between the
individual yarns became smaller by the difference between Lô

and L, (See Figure 49).

B: After Laundering

Fiqure 49. Analysis of geometric structure

1-25



Fabric shrinkage can arso be calculated from the changes
in inter-yarn distance according to following formula:

ShrÍnkage : (Lo - Lr) /Lo K 1002

rn other words, a value for waïp and weft shrinkage can also
be obtained from the changes in inter-yarn distance. such
cafcul-ated values for shrinkage \^/ere car_culated after enzyme

finishing and both laundering and enzyme finishing in the same

way. The results are listed in Tabfe 4r. For comparison
purposes, the mean warp and weft shrinkage results measured.

directly on the fabric specimens are also listed in Tabr_e 41.

Table 47

Shrinkaqe Vaf ed fr fnt rn Di
From Fabric Specimen Measurements

Treatment Specimen Cal-culated bv Measured on
FSrD

After
Treatment 12

After Enzyme

Finishíng
and

Treatment 12

Fabric 1

Fabric 2

Fabric 3

Fabric 1

Fabric 2

Warp

Weft
Warp

Weft
Warp

!d

Warp

Vüef t
Warp

Vfef t

. B4

.03

.27

.46

.13

.0s

.30

.39

. s6

3

3

3

1

4

3

+

3

1

5

1

13

30

B9

23

09

Iz

Iz

2

1

z
1
f

2

0

23

77
o/

90

Note. rD: rnter-yarn Dist.ance, FS: Fabric specimen

From Table 41_, it can be seen that the
calculated f rom int.er-yarn distance are

shrínkage values

close to those

rzo



measured directly on the fabric specimens. To test this
relationship, a regression model- was used by means of a sAS

program (sAS/ i-985). rt was assumed that the shrinkage
calculated from inter-yarn distance measurements v/as the
independent variable, X, and the shrinkage measured directly
from the fabric specimens rÀ/as the dependent variabl_e, y. The

results of the analysis of variance are presented in Table 42,

and Fiqure 50.

Table 42

Regression Analvsis of Variance

Source
Sum of
Squares

Mean

SquareDF F Value p Value

Model
Error
R- square

14 .4198
3. B9B3

0.7872

74 .4L98
0.4872

29 .592 0.0006

Note. DF : Degrees of Freeoom

The results in Table 42 shows that the relationship
between the two sets of data is strong, with 7gZ of the
variability in y explained by the linear regression of y on x.
such a finding supports the concrusion that bot.h experimental
methods have validity in measuring the shrinkage
characteristics of woven fabrics.

The p val-ue for linear regression is 0.006. Therefore,
there is sufficient evidence to reject Hou.
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Figure 50. Shrinkage relationship between geometric parameter and fabric specimen after laundering.
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CHAPTER 5

CONCLUSTONS AND RECOMMENDATTONS

5.1 conclusions and rmplications of Laundering conditions
From the results of this study, the foll-owing conclusions

are made. The level of observed shrinkage varied from 0 to 5%

depending on the type of fabric, the fabric direction, and the
laundering condition. Therefore, the rejection of Hypothesis
1 depends on the type of fabric, the fabric direction and the
laundering condition. rn this study, Ho, is rejected on the
following types of fabric, fabric directions and launderinq
conditions:

Fabric 1: after 5 cycles of machine washing in both
directions, after 1 cycle of machine washing and drying frat
in the weft direction;

Fabric 2: after 5 cycres of hand washing and tumbre drying,
one cycle of machine washj_ng and drying fl-at, 5 cycles of
machine washing in the warp direction only;

Fabric 3: after J- cycle of machine washing and drying fl_at,
after 5 cycles of hand washing or machine washing in the warp
direction only.

rn the warp direction, the l_00u cotton fabric had more

shrinkage than the blend, which had more shrinkage than the
1004 Tencel fabric, which agrees wit.h Clark's (1,gg2¡ finding
t,hat. Tencel- f abrics have tow shrinkage. The shrinkage resul_t

1,29



of this study in the Ì¡arp direction may appl-y to other Tencel
and Tencel blended fabrics. For confirmation/ more Tencel and

Tencef intimated blend fabrics need to be tested. I{hereas in
the weft direction, the reverse was found, with the 100%

Tencel- fabric shrinking much more than the other two fabrics.
rt is believed that this unexpected finding is due to
rearrang'ements in the yarn and fabric structure durinq
laundering.

The washing method and the number of raundering cycres
have a signifi-cant effect on the shrinkage of al_l_ fabrics in
each direction (Tables 30 and 31). Machine washing causes a

significantly higher shrinkage than hand washing, which
implies that the agitation and/or detergent and/or cool
pressing invol-ved during machine washing has a major effect on

increasing the ]evel of observed shrinkage. Therefore, when

sel-ecting appropriate care labels, the washing method has to
be carefully chosen, because a different washing method will
result in significantly different shrinkages.

The shrinkages after 5 cycles of laundering are
significantly higher than after 1 cycle. This difference in
shrinkage between r- cycle and 5 cycles is caused by
progressive shrinkage. This type of shrinkage has a

significant effect on the amount of shrinkage experienced by
al-l- three fabrics both in the warp and weft directions (Tabres
30 and 31-) .

The drying method has only a marginal main effect on the
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v/arp shrinkage of the l-00? cotton fabric and no effect on the
other two fabrics. Nevertheless, it does have some interaction
wit.h the washing method on the shrinkage of alr three fabrics
in the warp direction, and with the 100? Tencel fabric in the
weft direction. This implies that when the washing method is
being selected f or a care l_abel, the drying method must al_so

be specified, because the different drying methods result in
signif icantly dif f erent shrinkage level_s r^¡hen dif f erent
washing methods are used.

The washing temperature does

effect on the level_ of shrinkage of
So when care labels are se.l_ected,

can be either 20 oC or 40 oC.

At the same tirne, the amount

appear to have a direct effect on

shrinkage.

not have a significant
any of the three fabrics.
the specified temperature

of yarn crimp does not

the level of observed

rt is therefore concluded that while HorA, Ho2c and HorD

are rejected, HorB cannot be rejected.
With respect to Hypothesis 3, it was observed that the

fibre content in one direction has a significant effect on the
amount of shrinkage in the other direction. This supporrs
ukponmwan's previous study (ukponmwan, 1990). Therefore, Ho.

i q rai a¡l-aril¡vJvvLvu.

Conclusions on the Effect of Enzyme Finishing
Enzyme finishing has a significant effect on the level of

5.2
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shrinkage of the lyocell and lyocell blended fabrics. Both
fabrics have a significantly lower amount of shrinkage after
enzyme finishíng than before. For example, before enzyme

finishing the average warp shrinkages of Fabrics 1 and 2

increases by about 2z between i- and 5 cycles of laundering,
whereas after enzyme finishing, the increases are reduced to
only about 0.8% (Table 36). similarly in the weft direction,
tho.arzarraa iLrru qvçrqyc rncr€âse in shrinkage for Fabrics l and 2 is about
r.22 between the first and fifth cycles without enzyme

finishing, whereas this figure is reduced to only o.2z after
including an enzyme finishing treatment (Table 3B). This means

that the enzyme finishing process significantly improves the
dimensional- stability of lyocell and lyocell blended fabrics.
Therefore it is concluded that Hon is rejected.

5.3 concl-usions on change i-n Geometric structure
when the rever- of fabric shrinkage is high after

laundering, there is ar-so a signi-f icant reduction in the
observed inter-yarn distance. And when the amount of shrinkage
is lov¡, no significant changes in inter-yarn distance are
observed. rn fact the theoretical shrÍnkage carculated from
changes in inter-yarn distance has been shown to be closely
related to the shrinkage measured directly on the fabric
specimens (Figure 50, Table 42).

Most of the changes in crimp height measured on the
fabrics in this study followed a similar pattern to the
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changes in inter-yarn distance. And in most cases the warp and

weft crimp heights were found to be dependent on each other.
However when l-aundering the l_009 Tencel fabric under the most

severe conditions the warp and weft crimp height were observed
to be independent of each other, suggesting that changes in
yarn diameter vrere having a confoundlng effect. To thoroughly
understand such changes in crimp height, more experiments need

to be done so that the contribution caused by fibre migration
and changres in yarn diameter during the r.aundering treatments
can be measured. The rejection of Hypothesis 5 depends on the
type of fabric, fabric direction and launderinq conditions
under consideration. rn this st,udy, HorA/ HosB and Hoqc are
rejected except for Fabric 2 Ln the weft direction.

5 .4 conclusion of comparison of shrinkage Measuïements with
Changes in Inter-yarn Distance

The observed changes in inter-yarn distance were closely
correlaLed with the measured fabric shrinkage results, with
792 of the variability in measured fabric shrinkage explained
by the línear regression of the measured fabric shrl_nkage on

changes in inter-yarn distance. Therefore, there is sufficient
evidence to demonstrate a l-inear dependence rerationship
between the shrinkage measured from fabric specimens and the
shrinkage calcul-ated from the changes in inter-yarn disrance.
Hou is rejected. such a finding supports the fact that both
experimentar method.s have validity in measuring the shrinkage
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5.5

5.5

characteristics of woven fabrics

Recommendations

.1 Recommendations for Care Labels

From the results of this study which measured the mean

shrinkage values of 16 different laundering treatments, the
fofl-owing care l-abels can be recommended for the three fabric
samples:

Hand washing is recommended for the i-00u Tencel_ f abrlc.
The choice of washing temperature between 20 oc and 40 oc and

the choice of drying method between tumble drying and drying
flat are optional_ for this care label

since hand washing and tumbr-e drying resurted in an

unaccepLable level- of shrinkage for the 60/40 cotton/Tencel
fabric (2.92 after 5 cycles)(Tabl_e L2), hand washinq with
drying flat are the recommended caïe instruction. Again the
washing temperature can be specified at either 20 oc or 40 oc.

The l-aundering shrinkage of the 100% cotton fabric is not
acceptable when either machine washing and./or tumble drying
are involved (Table L2). Therefore, preshrinkage treatments
may be required for this particular fabric.

5.5.2 Recommendation for Future Study

In the event that this study is repeated, it is
reconmended that the fabric specimens before and after enzyme

finishing atl_ be laundered at the same time, so that the

L34



effect of time can be el-iminated. Also, the ironing procedure
of fabric specimens after laundering shourd be more strictly
control-l-ed. rt is suggested that every f abric specimen should
be ironed in the same way; otherwise, the ironing procedure
should be considered as an independent variabl-e.
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Appendix 1

ouantitative Analvsis of cotton r,yocell Blend Fabric

Zinc Chloride/Formrc Acid Method

I4 .4)

Three specimens were tested.
fabric was not removed. After
Chloride/Formic Acid. The cotton

residue weight of cotton is:

(CAN/CGSB-4. 2-MBB/ Method

The f i ni qh / ql_:rnh \ nn .l-1¡a
LfIV

dissolving Tencel by ZLnc

is teft. The percentaqe of

Þornanf a na

Cotton ( U )

1

52.18

)

51.6s

3

51. 90

Â lzar a ¡a

s1.91

Note. The correction factor is not added

The starch weight in the fabric wil_l certainly affect the
percentage of cotton, so it is necessaïy to remove starch
(AATCC 20A - l_989).

The procedure of removing starch is : rmmerse the dried
specimen in l-00 times its weight of 0. j_ N HCI at B0 oc for 25

minutes, stirring occasionally. Rinse thoroughly with hot
water and dry at l-05 0c to constant weight. Two specimens \^/ere

tested. The results are l_isted below:
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Specimen Before

Treatment

After

Treatment

Starch

Weight

Starch

(å)

1

1z

Average

.3499

.7 496

3424

l-344

7 .87

7 .68

7 .775

7

(e)

(e)

4.0075 (9) 0.

L.6Is2 (s) 0.

(e)

(q)

Note. All weight is dry weight.

Considering the starch weight, the above tested
percentage of cotton must be adjusted:

Adjusted cotton (e") is: cotton (?) x L/(r-starch(%))
51.e1 x I/(r-0.0777s) : s6.29 (%).

After removing the finish, three specimens were again
tested to determine the percentage of cotton. The procedure is
the same with the specimens without removing the finish. The

results is:

Cotton Weight

Residue Cotton

(u)

(%)

1

56.74

z

s5.04

3

55 .64

Average

55.807

Note. The correction factor is not added.

Cot-Lon/Tencel BlendedFurther Research on Correction Factor of
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Fabric

The correction factor for cotton/Tencel blended fabric is
unknown. To determi-ne this correct,ion f actor ¡ rro'e
quantitative analysis are required. The outl-ine of test can be

designed like this: First prepare the pre-determined different
blend fevel of cotton/Tencel fabrics, such as 30% coLton/70ø
Tencel , 40eo cot-Lon/60>" Tencel-, etc. then use zinc chloride /
formic acid to perform the quantitative anarysis. The

difference between pre-determine percentage and tested
percentage of cotton fibre witl_ be the correction factor.
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Appendix 2
SAS PROGRAM 1

Full Factorial Analysis for
1002 Tencel Fabric - Warp

comment
Washing ShrÍnkage _ Warp
1002 Tencel rabiic

;
DATA WARPSHRK;

TNPUTWTDNG;
DO I:1 TO 3;

DO J=1 TO 3;
TNPUT WARP @;

OUTPUT;
END;

END;
CARDS;
-1 -1 -1 -1 3 .2 2.9 7.9 2.3 2.8 3.4 2.7 3.0 7.7-I -1 -1 1 7.2 L.2 0.5 O.B I.2 1.3 1_.0 7.7 2.0-1 -1 t- -1 2.6 3.0 2.7 3.2 3.7 3.6 2.3 2.7 2.5-1 -1 1 r 1.5 1.5 0.8 0.8 1.5 2.0 2.0 2.7 2.0-1 1 -1 -1 1.8 2.2 2.5 3.s 4.0 2.g 3.5 3.s 3.9-1 1 -1 1 0.5 1.0 1.0 1.5 1.5 0.3 0.0 1.1 7.4-I 1 1 -1 4.2 4.4 4.2 3.6 3.7 2.g 3.0 3.2 2.8-1 1 1 1 2.0 2.0 1.6 2.I 2.5 2.2 I.4 r.g I.71 -1- -1 -1 1.0 l_.0 0.4 1.3 2.2 2.6 0.8 1.5 I.2l_ -1 -1 1 1.0 1.0 I.4 0.s 0.0 0.0 0.2 1.1 l_.3i_ -l_ 1 -1 I.4 7.7 I.4 0.s 0.7 0.6 0.0 0.0 0.01 -l_ l_ 1 0.0 0.6 1.3 0.3 o .7 O. B 0 .2 0.6 0.311-1 -1 0.80.90.2 0.1 0.77.2 0.8 1.0 1.07 t- -t- 1 1.3 1.3 l_.0 0.0 0.1 o .2 0.3 0.2 0.01 l_ 1 -1_ 1.5 1.5 L.7 1. O 1.5 7.2 0.6 0.5 0.01 1 1 t_ 0.3 0 .4 l_.0 0.5 0 .7 0.5 0 .2 0.0 0.0

PROC PRINT DATA:WARPSHRK;
TITLEI_,1_00e" Tencel_ Washing Shrinkage _ Warp,;TrTLE2t---- :________r.
TTTLE3' ' ; I

PROC SORT;
BYWTDN;
PROC MEANS MEAN STD STDERR;
BYWTDN;
VAR WARP;
PROC GLM;

CLASSWTDNI;
MODEL WARP:Wl TID I N r (Vü*T*D*N) ;
RANDOM I (W*T*D*N)/TEST;

MEANS W*N Vf N;
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Appendix 3

SAS PROGRAM 2

Full Factorial Analysis for Fabric 2 and 3 - Warp

comment'

Washing Shrinkage - Vüarp

Fabric 2 and 3

;

DATA WARP2;

FABRIC:2;
INPUTWTDNG;
DO I:1 TO 3;

DO J:l TO 3;
]NPUT WARPSHRK G;

OUTPUT;

END;

END;

CARDS;
-1 -l- -1 -L 4.2 4.0 3. B 3.9 4.2 3.7 3.7 4.7 4.1
-1 -1 -1 7 2.2 2.2 2.0 L.7 2.1- 1.8 2.I 2.2 1.8
-1 -i_ 1 -t_ 4.2 4.I 4.0 4.5 4.4 4.0 4.4 s.1 4.8
-1 -1 1_ 7 2.2 2.5 2.3 2.2 2.0 2.3 2.2 2.0 2.3
-l- 1 -1_ -l_ 3.9 4.3 3.7 4.0 3.7 3. B 3. B 4.0 3.8
-1- 7 -1 1 t_.5 l-.3 1_.1 1.5 1_.7 l_.5 1.5 1.8 2.7
-1 1i_ -1 4.54.84.54.55.2 5.04.44.74.3
-l_ 1 1 L 2.3 2.0 2.3 2.0 2.7 I.7 2.3 2.3 2.2
1 -l_ -l_ -1 3.0 3.1 3.1_ 2.7 2.8 2.5 2.7 3.6 2.8
1 -l- -l_ 7 0.7 0.7 0.6 r.4 7.6 l_.3 0.s 0.6 0.8
l_ -1 l_ -L 2.0 2.2 t-.8 l_.5 1.5 1.5 2.0 2.5 2.1,
1 -1 l_ l_ 0.0 0. s 0.3 0.3 o .7 o .7 1_.l_ 0. B 0. B

1l_ -1 -72.5 3.02.72.3 3.02.53.4 3.62.8
1 i_ -l_ l_ 0.s l_.5 1_.0 0.6 l_.0 7.2 0.7 l_.3 L.2
1 t_ 1_ -1_ 1,.2 1.5 l-. 3 1. 5 1. 5 1.3 l_. 5 1. 5 l_.5
l_ l_ l_ i_ 0.30.80.30.7 0.90.61.6 1.01,.4

DATA WARP3;
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FABRTC:3;
INPUTWTDNG;
DO r:1 To 3¡

DO J:1 TO 3¡
rNPUT WARPSHRK @;

OUTPUT;

END;

END;

CARDS;
-1 -1 -1 -1 5.2 s.s 5.1 5.3 s.3 5.6 4.4 4.g 4.5
-1 -1 -1 1 2.6 2.9 2.7 L.7 2.2 2.3 1. B 2.I 1.5
-1 -1 1 -1 4.8 s.0 5.0 4.3 4.2 4.7 s.7 5.6 5.6
-1 -1 I 1 3.0 2.5 2.5 2.7 2.6 3.0 3.5 3.6 3.2
-1 1 -1 -1 4.7 5.4 4.7 4.3 4.6 4.8 5.7 6.0 5.6
-1 1 -I 7 0.4 1.0 0.8 2.6 3.6 2.7 2.8 3.2 2.8
-1 1 1 -1 3.3 3.1 3.0 5.3 5.9 5.4 5.7 6.3 5.5
-1 1 7 1 3.0 3.0 3.0 2.2 2.3 2.3 3.6 3.6 3.6
1

1

1

1

l_

I
1

I

;

TrrlEl'vüashing shrinkage of Fabric 2 and 3 - warp,;
TITLE2| ---- ____r.
TITLE3 / / 

;

DATA ALL;
SET WARP2 VüARP3;

PROC GLM;

CLASSWTDNIFABRTC;
MODEL WARPSHRK:FABRIC I W I T I D I N I ( FABRIC*W*T*D*N) ;
RANDOM I (FABRIC*W*T*D*N ) /TEST ;

MEANS FABRIC W N D W*D W*N D*N;

-1 -1 -1 3.3 3.9 2.8 4.0 4.6 4.2 4.7 5.2 4.5
-1 -1 1 2.0 L6 1.7 2.0 2.6 2.I 2.8 3.1 2.5
-1 1 -1 2.7 2.9 3.0 2.4 2.5 2.7 2.5 3.0 2.s
-1 1 1 0.8 0.4 0.3 1,.2 I.4 1.3 1.8 I.g l_.3
7 -1 -1 3.2 4.L 3.2 4.2 4.6 4.3 4.2 4.5 4.0
l- -1 1 2.3 2.3 2.5 I.7 2.3 2.3 t-.8 l_.3 7.6
1 1 -1 2.3 2.5 2.5 3.3 3.3 3.2 L7 2.0 1.9
l_ 1 1 0.7 1.3 1.3 2.0 2.0 2.0 L.7 2.0 7.7

1,47



Appendix 4
SAS PROGRAM 3

Fu1l Factorial Analysis for Fabric 1 and 2 - WarpEffect of Enzyme Treatment on Shrinkaqe

comment
Washing Shrinkage of Fabric 1 and 2 _ Warp
Before and after Enzyme Treatment

DATA WARP1;
FABRTC:1;

INPUT Z T D N G;
DO r=1 TO 3;

DO J=1 TO 3;
INPUT WARPSHRK @;

OUTPUT;
END;

END;
CARDS;
-1 -l_ -1 -1 3.2 2.9 I.9 2.3 2.8 3.4 2.7 3.0 I.7-1 -1 -7 1 L.2 7.2 0.5 0. B 7.2 1.3 1.0 1,.7 2.O-1 -L 1_ -1 2.6 3 .0 2.7 3.2 3.7 3 .6 2.3 2.7 2.5-1 -1 1 1 1.s 1.s 0.8 0.8 l_.5 2.0 2.0 2.I 2.0-1 1 -1 -1 1.8 2.2 2.s 3.5 4.0 2.9 3.s 3.9 3.9-1 1 -1 1 0.5 1.0 1.0 i_.5 1.5 0.3 0.0 1.1 7.4-1 1_ 1 -1 4.2 4.4 4.2 3.6 3.7 2.9 3.0 3.2 2.8-1 l- 1 L 2.0 2.0 L.6 2.1 2.5 2.2 L.4 7.9 I.7
DATA WARP2;
FABRIC:2;

INPUTZTDN@;
DO I:1 TO 3;

DO J:1 TO 3;
]NPUT WARPSHRK G;
OUTPUT;
END;

END;
CARDS;
-1 -l- -l_ -l- 4.2 4.0 3.8 3.9 4.2 3.7 3.7 4.7 4.1,-1 -1 -1 l_ 2.2 2.2 2.0 1.7 2.L 1.8 2.L 2.2 1.8-1 -l_ 1 -t_ 4.2 4.1, 4.0 4.5 4.4 4.0 4.4 5.l_ 4.8-1 -t_ l_ L 2.2 2.5 2.3 2.2 2.0 2.3 2.2 2.0 2.3-1 t- -l_ -l_ 3.9 4.3 3.7 4.0 3.7 3. B 3. B 4.0 3.I-l- 1 -i- t_ t_.5 l_.3 1.1_ t_. 5 L.7 l_. 5 1. 5 i_. 8 2.1,-l_ r- l_ -l_ 4.s 4.8 4.s 4.5 5.2 s.0 4.4 4.7 4.3-l- 1_ t- 1 2.3 2.0 2.3 2.0 2.1, 1,.7 2.3 2.3 2.2
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DATA WARP3;
FABRIC:1;

INPUTZTDNG;
DO r:1 TO 3;

DO J:1 TO 3;
INPUT WARPSHRK @;

OUTPUT;
END;

END;
CARDS;
1 t_ 1 7 7.2 0.8 0.8 2.0 2.2 2.2 1.3 1.5 1.0
111_ -1 L2 1.0 1.0 2.5 2.7 2.I r.2 2.0 1.8
11 -1 1 1.0 I.2 1.0 1.5 r.6 1.3 L2 1.3 L.4
1 1 -1 -1 7.6 1.8 1.5 2.5 3.0 2.5 2.3 2.3 2.6
1 -1 1 1 I.2 a.2 0.8 1.0 1.0 1.1 I.g 1.8 2.0
1 -1 1 -1 1.1 1.1 0.5 I.2 0.8 1.3 2.2 2.3 2.4
1 -1 -1 1 1.0 7.6 1.1 7.2 1.0 1.0 r.2 1.8 2.0
1 -1 -1 -1 t_.s 2.6 1.5 1.s 2.0 7.7 3.1 2.7 2.3

DATA WARP4;
FABR]C:2;

INPUT Z T D N G;
DO T:1 TO 3;

DO J:1 TO 3;
INPUT VüARPSHRK @;

OUTPUT;
END;

END;
CARDS;
1 r 1_ 1 1.8 1.3 1.6 1,.2 1.5 1.5 l_.8 1.8 1.3
1 1 1 -1 2.2 2.4 2.0 2.s 2.2 1.6 2.2 2.6 2.4
1l- -l- 1 1.3 I.7 L.6 7.9 2.0 1_.6 2.0 2.3 1.6
11 -1 -1 3.2 3.7 2.9 2.8 2.7 2.2 2.9 3.6 3.1
1 -l_ 1 1 7.2 1.5 r.4 t_.8 7.9 l-.5 2.6 2.4 2.3
1 -1 t- -1 1.8 L.9 L.7 2.0 2.3 2.2 2.5 3.2 3.0
1 -1 -1 t_ t-.0 L.4 1.1_ l-.9 1,.7 0.6 2.0 L.6 1.1
1 -l_ -1 -l_ 2.0 2.8 2.5 3 .2 3.3 2.7 3.4 3 .7 2.7

TITLEI_'Vüashing Shrinkage of Fabric j- and 2 - Warp,;TfTLE2' Before and after Enzyme Treatment , 
;

TITLE3T --- -____t.
DATA ALL;
SET WARP]- WARP2 WARP3 WARP4;
PROC GLM;

CLASSTDNIZFABRIC;
MODEL WARPSHRK:FABRTC I Z I TID I N r(FABRTC*Z*T*D*N) .

RANDOM r ( FABRTC*Z*T*D*N ) /TEST ;
MEANS FABRIC Z N Z*FABRTC D*Z N*FABRIC N*Z D*N;
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shrj-nkage Data of 100% Tencel Fabric after L6 Treatments
Treatment Sinqle Duplicate 'l'rltllrrìâtê

a
-L Warp 03 o4 1.0 05 0.7 05 0.2 0 U

I¡üef t ,,r. 7.1 I I.4 't5 1.5 t,ft 2.2 2.3
a Ida rn 1.5 r.7 1.0 1.s a,?. u.o 0.5 0

WEIT- ?.3 2). 2.1 1.8 18 0.7 08 o7
3 Waro 'l 1.3 10 0 0. 0.2 0. o2 0

we1-ï 2.2 2.5 2.5 0.9 0.8 o4 L.6 2.

4 I¡7a rn 0.8 0g 0.2 0 0.7 12. 0.8 10 0

WEIT 15 1.8 r.4 I 2.O 1g 2.4 ,/. (-\ )q
trJ Waro 0 0.6 3 0. o'7 0.8 02. 0.6 0.3

weïT- 0.8 06 08 I .2. 5 1.3 1.3 13
6 [¡Ja ro r.4 7 r.4 0.5 0.7 0,6 0 0 0

Weft ,/, ,6 2.5 2.0 ol 1.0 0g 0.6 o4 0.3
7 Waro 0 1.0 4.4 05 0 0 0.2 ,l 1.3

WEIT I r.9 20 0.8 1.0 0.8 1.0 t5 1.0
B Waro 1.0 1.0 o4 1.3 l/. 2.6 08 1.5 T.?.

WETT. 1, .7 ?.o 2.5 7.4 ,/, - .1 /.î 2.7
9 lüa rn 2.0 ).o 7.6 I 2.5 ./, ./, 1,.4 1.9 7

Weft 2.O 7. z-4 '5 I 3.0 30 ./. ./. 2.3
10 Vüaro 4?. 44 +-./. 76 -7/ 2.9 3.0 1 ,,t 2.8

Vüef t 45 4.7 4.6 3.7 4.O 3.6 -J-Èl 46 4.0
11 Waro 0.s 1.0 10 1.5 5 0.3 0 1.1 r.4

WEÏT- 2.4 ./, I 2.2 19 7.O t-r) 20 2.O I rì

L2 [¡7a rn 1.8 lz 2.5 35 4.0 ?.9 3.5 3.9 3g
Weft .1 2 3.7 -7.4 4.7 5.0 44 4.5 5./. 4.6

l_3 Waro tl 1.5 08 0.8 15 2.0 7.O ll 2.O
Weft 2.2 2 .2. 2. ). 1-.8 /. I 1_ .9 ll 3.1 30

T4 Warp 2.6 30 2.7 3?. 5.1 36 2.3 2.7 2\
l¡Ief t 4?1 5.0 4.8 3.7 3.9 38 -7-t 1l 3.6

15 Ìüarn ./. 1- .2 0.8 /. L.3 0 1aL. T 2.0
wet-1 2.5 ).5 2.4 ?.5 1.5 2.4 1.8 1.9 6

1"6 [Varo 12 2.9 1.9 ) 2.8 a4 ,/,- | 30 )-- |
fücf f 30 lL tl 14 )R 1). ).q 30 1l 2\
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Shrinkage Data
Treatments

of 60/40 Cotton/Tencel Fabric after 76

Treatment Sinqle DrrBf icate Triolicate
1 hTa rn 0.3 OR 0.3 o1 0g o6 6 1.0 4

I¡7ef t 0 0 0 0 0 0 08 0.5 05
Iz h7a ro I.2 15 1.3 F

, 1.5 5

weïï 0.8 08 0.8 05 04 o4 0 ^ 0

Waro 05 1.0 06 1.0 12. o.7 7.?.
I¡7ef t 03 o.). 05 0 0 0 0 0 0

4 Waro l"\ 30 2.7 2.i 30 ?.\ ?4 i6 2.8
Weft 0 0 0 0 0 0 0.9 08 0.8

5 [¡Ja rn 0 0.5 03 0.3 o7 o.l 1 08 OR
Wê.l-1- 0 0 0 0.1 0 0 o 0 o4
trüa rn 2.0 ll 1.8 5 15 tr ).o )6 ).

weïï o'7 o4 0.5 0i 0 .2. 0 0 0 0

7 ü7aro o7 o7 06 14 16 1i o5 o6 0.8
WETI o4 0.5 03 0 0 0 0 0 0

B Wa rn 3.0 3 ). 1 ).8 2.5 ll -J_h 2.n
weïï 0 0 0 0 0 0 03 0.5 03

9 Waro la 20 ). 1 ?.o 2.a ,/, - .1 /. 1 ./, I

Weft o2 0.3 06 0.7 ll I 0g 0.5 o). 0.3
l_0 T¡Ja rn 45 4R 45 4.5 1l 50 44 47 4

weïr | ./. /. 1.0 0.7 06 0.5 -li L.6 16
11 I¡7a ro 1.5 13 1.1 5 17 15 1B ). 1

WEÏT. 03 (, :l 0.3 0 0 0 0 0 0

!2 Waro jg 4.3 4.O 3.7 38 3.8 40 3.8
Weft 15 11 7 0.6 06 o?. 1.5 I 1.5

_L5 T¡Ja rn 2?. la ./. 1 ./, ,/, 2.O ?.3 22 20 la

Idef t 0 0 0 0.6 06 0.7 o4 0 .7. 05
L4 h7a rn 4-./. 41 4.t) 4q 44 4.0 44 5.1 4tí

welï 1.4 I 1.5 1) 17. 1.5 OR 0.7 t, rl

15 Warn 2.0 ?. 2. 2.2 17 1 I 21 22. ¿l

Weft o7 o7 0.7 0 0 0 0 0 0

16 Warn ¿L) 40 ?R 3g 4.?. i7 37 47 4
T¡7cf t 0g OR o6 0 o) 0 15 n oq
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Shrinka e Data of 100% Cotton Fabric after 16 Treatment
Treatment Single Duplicate Triplicate
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shrinkage Data of 7008 TenceL Fabric after Enzyme pinishinq
and after B Machine Wash Treatments

Treatment SingIe DupJicate Triplicate

9

Warp J_. 2 0.8 0.8 2.0 2.2 2.2 t.J t_. 5 7.0
Weft 7.5 7.0 7.0 7.7 77 7.6 7.0 0.8 0.7

10
l{arp 1.2 7.0 7.0 2.5 2.7 2.L 7.2 2.0 1_. B

Vlef t 1_. 5 7.0 0.9 2.2 1.7 a1z. L 7.7 7.5 7.2

1_7

Warp 7.0 -L. .Z 7.0 1.5 7.6 t.3 7.2 7.3 7/l

Weft 1_.7 1.3 7.2 7.2 -L.J l_. 2 0.8 0.7 7.0

12
Vlarp 7.6 f.B 1.5 2.5 3.0 2.5 2.3 2.3 2.6
Weft 2.0 7.5 7.6 7.6 2.7 7.8 7.5 7.8 7.5

73
Warp 7.2 7.2 0.8 7.0 7.0 7.7 t.v 7.8 2.0
WCTL 7.2 7.2 1aL.Z 7.2 0.7 7.5 2.1 7.9 7.5

74
Warp 7.7 1.7 0.5 7.2 0.8 7.3 2.2 2.3 2.4
Weft 7.3 7.2 7.3 7.7 7.2 7.5 2.3 2.2 2.7

75
V{arp 7.0 7.6 7.7 7.2 7.0 7.0 7.2 7.8 2.0
Weft 7.2 7.0 0.7 0.6 0.6 0.9 7.7 7.2 7.3

76
Warp 7.5 ¿.o 7.5 7.5 2.0 7.7 3.7 2.7 2.3
Weft 7.2 7.2 7.2 7.7 0.9 7.5 7.5 7.8 2.0
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Shrinkage Data of
Finishing and after

60/40 Cotton/Tencet Fabric
B Machine Wash Treatments

after Enzyme

Treatment SJ-ngle Duplicate Triplicate

v
Warp 1.8 't? 1.6 L.2 1.5 i_.5 1.8 1.8 1.3
werf 0.2 0.3 0.2 0.8 0.8 0.7 0.2 0 0

10
Warp 2.2 2.4 2.0 2.5 2.2 1.6 2.2 2.6 2.4
Wefl 0.2 0.3 0.2 0.1 0.3 0.4 0.2 0.1 U

11
Warp 1.3 7.7 1.6 7.9 2.0 r.6 2.0 2.3 r.6
Weft 0.5 0.8 0.5 1.0 r.2 1.1 0.5 0.8 0.5

72
Warp 3.7 2.9 2.8 2.I î1z.z 2.9 3.6 3.1
Weft 0.7 1.0 1.0 0.8 1.0 0.8 0.6 1.5 0.7

13
Warp r.2 1.5 L.4 1.8 r.9 1.5 2.6 2.4 2.3
WEIt 0.3 0.3 0.3 0.7 0.7 0.7 0.8 r.2 1.0

I4
V{arp 1.8 7.9 I.7 2.0 2.3 2.2 2.5 3.2 3.0
Weft 0.2 0.5 0.2 0.9 0.8 0.8 0.s 0.8 0.7

15
Warp 1.0 7.4 1. t_ 1.8 L.7 0.6 2.0 1".6 1.1
Weft 0.2 0.4 0.3 0.2 0.4 0.5 0.2 0.4 0.5

L6
Warp 2.0 2.B 2.5 3.2 3.3 2.7 5.4 2.7
wert 0.2 0.5 0.2 0.4 n( 1.0 0.7 0.8 0.6
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Appendix 6
Data coflected from Measurinq the Geometric parameters

100? Tencel Fabric before Launderi no
rD (!varp) 610 638 611- 620 603 62s 623 632 s99 608 6l_5 604

616 620 602 619 625 597 596 642 623 s99 607 639(wefr) 513 486 487 495 532 490 468 531 531 4gg 531 5r4
s0B 527 4 485 468 s 546 4Bs

cH (warp ) 1s B 743 18 6 151 rB7 r42 L43 16 5 1-20 L27 13 9 131
732 168 202 L80 1"49 730 L32 168 ]-63 723 :_34 730

(weft ) 207 794 l-93 180 204 r77 158 156 183 1,82 r43 L44
70 l_89 1s 7 762 792

0/40 c l- Fabri T -i,ñg lourr
ID (Warp¡ o¿¿ t.j^4I 670 71_0 621 660 642 670 631 704 628 7rO

17 752 67 648 670 7 647 667(wefr) 523 525 524 502 54L 46s 496 509 499 sA7 524 SZe
s02 501 507 55L 5Ir 492 490 503 s27 530 s4o 529

cH (warp) 198 196 204 2LB 180 1,78 L67 L87 153 r79 180 t_58
782 L76 LgB 1,57 L82 1"89 A79 183 IB5 778 787 783

(wefr ) 200 192 184 1,69 1,7 4 1-87 t_83 165 rB2 r72 rO: 762
I71 785 ]-56 I72 l-64 774 780 787 779 t-85 190 774

otton Fa ore La
rD (warp) 675 618 651 653 663 608 644 640 579 726 736 728

729 688 6Bs 667 6s3 647 60s 704 697 622 6s3 667(weft) 47L 405 434 498 485 499 460 499 522 436 523 487
473 509 462 496 502 463 505 478 5:-2 5I3 460 446

cH (warp ) 726 1i-B 131 1"27 1,52 t-33 i-59 L64 l_68 1,43 180 206
153 l_65

205 227 228 230 ]-57 1_59 1,70 l-83 1,94 209 1-67 2L3
189 17s r77 200 L92 I77 l_s

tmen
ID (Warp ¡ 630 570 6L4 602 568 61,2 s9B 57 4 605 sB6

65 525 5
(wefr) 472 477 s00 522 486 478 49r 475 475 442 491 473

522 476 493 500 543 466 445 506 51_B 522 481,445
cH (warp) 143 173 1,82 1"40 176 i-98 1,22 1-28 r2o 138 r42 1-43

7 0 i_sr- 8L27L(wefr) 209 i-90 1-5s 237 L75
1gg 20s L9l. 1,61, 797

77 0 21_0 230
1-92 l-58 21-3

1_93 229 182 1,92
1-68 1"57 160 202

]-56



Ell

rD (Vüarp¡ 6sB 706 626 627 778
40 after ent. 1

6 1_s645
639

640
o¿¿

625 625 707668
6sB

/In7af'l- r
67

49r 492
7 /aol

534 577 52! 478 s00 550
1

554 445497
536

44]-
576507 43

CH (Warp ¡ 1,29 90 LI6ls5
93

05 45
130 1,39

09
103 r07

B

1_47

L29
130
153

95I27
r5¿

¡/ T^Tôf f \
1

185 174 1AO
1B

1,25 133 L79 757 180 1-7 0
06 1-2

185183
1501B 7 5 74 7 I7

L46
L74 1

rD (Warp )

Cott
628 655 683

rTr
6s9 649

2
695
672

679
627

610
603

6s0 sB7 595 6L6
5B

I l^tôÎï \ 487 508
00

497
443

446
q)A

0
476 465 481 473 456 424

CH (Vüarp ¡ L62
0 J 4

150 r43 r42
4

490
467

133 142

442
470

L40
156

148
L44

116
769

lBB l-57

¡r [^'lâf+ \ 797 223 ))) 275
1q

228 222
1

185 202
45

L73
22r

l A2
720
140

z¿z
207

234
225

200
2L7Iz B4

ID (Warp ) 635
after En

593 624 562 608 607 600 otz 60s
00u T rea n

620
599

644 599
583 643 OB 584

/ I^7ôf+ \ 480
481

477
s00

tr 587
502 458 510 s10449

49L
467 522 484 47L

47
CH (Warp¡ 1"s4 L71"

4
166 133 723

4 06 46
1--_Lf o _L+ o I4B 1_3 4

14tr,

l-70
l-57
10015 1

(wef t ) 446 198 L70 215L73 1_7 9 L52 205 164192
I4 42

151_

r42 AÊ.

222
1657 I6 9 771_ 1

160
97

0
ID (Warp ¡ 6s9 635 662 663 660 600 645 625 647 647

ncel z
6s0
633

637
6386

(weft ) 497 531 518 s08 491
46 65 5

545 470 577 552491
502

508

CH (Warp)
5 47 5

180 1,47 ]-37 792 L47II4
148

L52
53

171, 161, 140
)9, 51

1,47
05 1

(Weft ) 1_85 L70 1"84
1 47
L76 l_B 0 185 191-

r-80
77L
769 1-5 l_

l_5 x

159
1,7 2

767
L62

r-90
204f .L 1 52

1.57



Ten Enz shin eatmen
]D ( Warp ) 6l-5 567 5s4 554 580 560 583 6 r-0ss9

s9B
s79
630

608
5785

s9B
600 584

(wef r ) 467 477 4BB 470 477 477 +oÕ 476 472 464466
480

A'7 1

47644
CH (Warp ) 20L 160

11aJ_Z /

77 5
746

5
L27 t_5 v 127 1_ 51 135 L4B 1_61

1

I4B
1351

1A?

177
¡r I¡7af1- r 762

185
l-94
159

270
r73

1-63
L67203 188

79 1
168 160 185

2I
1-7 5 L66

6 1L47
l-74

195 205

t1 
^ ^

ID (Warp)
cel a Z ñT LN an ment 12

5Bs 64s646
638

587
60s

600
632

646
o4J

665 625 640 583 626

¡¿ Ì^7âf f \ 482 492
7 70

511 /o( 492 497
6I

4BB
555

s0B
550

490 /'l OO

4 4
CH (Warp ¡ 158 20r 160

tr B A

56s
s02
95 133

483
497
138748

l-40
792
173

133 136 r04
5

/I^7af f r 782 ]32 ]-44
7 4 1,2 v

104
130 13

r40
L75

134
181

19s r14 177 202 1_80 185
16 6 77

17I
19873 1

Note. ID is inter-yarn distance; CH is crimp heiqht.
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Appendix 7
Mitl vert'er

BPC TEXTILE LTD.
145 W. 22nd SL.
Los Angeles, CA 90007
21_3-748-6806
Contact: Raphael Javaheri
End Use : Sports\{ear,

two-piece dresses

BURLINGTON KNITTED FABR]CS
l.345 Avenue of the Americas
New York, NY 10105
2I2- 627-3996
Contact: Rod Kosann
End Use: tops and sportswear

for men's, womenrs and
chil-dren's wear

FISHER & GENTILE
I4I2 Broadway
New York, Ny l_0018
2L2- 227- 1B 0 0
Contact: Artie Schreiber
End Use: two-piece dresses

and sportswear

MILLIKEN & CO.
P. O. Box 1"926
Spartanburg, SC 29304
803-573-28L5
Contact: Brenda Burrís Drake
End Use: knits for tops,
dresses and soft sportswear

TANDLER TEXTILE INC.
l_04 w. 40th st.
New York, NY l_00i-B
21,2-869-9800
Contact: Denise Rosano
End Use: two-piece dresses

and sportswear

L]-ST ncer -1,'

BURLINGTON DENIM
1345 Avenue of the Americas
New York, Ny 10j_05
21"2- 627- 4037
Contact: Robert J. Thomson

End Use: Denim

CENTENNTAL FABRTCS
1384 Broadway
New York, NY 10018
^l ^ztz- ¿¿I- 5425
Contact: Mel_ Bernstein
End Use; two-piece dresses

and sportswear

FOLTO ]MPRESSTONS TNC.
25 w. 39th st.
New York, NY 10018
272-764-1585
Contact: Ron Jebran
End Use: two-piece dresses

and sportswear

RELTEX
1359 Broadway
New York, NY l_0018
21,2-643-8820
Contact: Marti Newl_and
End Use: syits/ sportswear

WEAVE ONE KNTT TVüO

108 w. 39th st.
New York, NY l-0018
21"2-7 L9 - 4390
Contact: Jack Biderman
End Use: two-piece dresses

and sportswear
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