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B Introduction

Clothes should be comfortable and sta-
ble in static and dynamic conditions.
The ability of fabrics to deform during
garment wearing is a very important
property, determining not only their per-
formance conditions but also the wear-
er’s comfortability. The comfort which
is affected by the interaction of the hu-
man body with clothing plays an impor-
tant role for sportswear [1], garments
worn in work environments [2] and for
casual clothes [3]. Clothes which have
some fullness or are made from elastic or
stretch fabric [1] are more comfortable.
The mobility of clothes depends on the
fabric’s structure, i.e. woven or knitted,
with elastane or without it, consisting of
several layers etc. Due to the fabric struc-
ture, which is more or less anisotropic,
the acting forces have a different effect
on the type and degree of its deformation.
Large stresses occur in clothes in places
of large motion, small drawing area and
limited clothing item slip surface of the
body [1]. In the case of a jacket, the most
complicated deformation of fabric ap-
pears in the sleeves, hence this part of
clothes is analysed more often [3, 4].
Physical comfort is very important for
such close fitting garments as trousers.
Adaptability, flexibility and expandabil-
ity to body movements [5, 6] have been
identified as important evaluative cues
of denim jeans. The fabric deformation
types in such trousers are different and
depend mostly on leg movement. The
influence of the fitting degree and fibre
content of women’s trousers on their
deformability during leg locomotion
was analysed in work [7]. Three types
of garment deformability were deter-
mined: trouser parts slipping along the
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body, changing of angles between warp
and weft threads and crease lines ap-
pearing. The garments from cellulose
fabrics experienced a different amount
and various types of wet treatments
during their manufacture and wearing.
Therefore one of the most critical qual-
ity problems is their shrinkage [8 - 11].
In any case, the dimensional stability of
fabrics is a very important characteristic
because it has an influence not only on
the garment construction and aesthetic
look but also on physical comfort. The
higher shrinkage may increase the fitting
degree of clothes and decrease the free-
dom of wearer movement. Nowadays
manufacturers are using different types
of industrial treatment for promoting the
worn look of garments. In many cases,
especially in the jeans wear industry, wet
treatment with cellulose enzymes is used
for this purpose. In fact, when cellulose
fabrics are laundered with enzyme, the
cellulase attacks primarily on the surface
of the fibre, leaving the interior of the fi-
bre. The dyes and parts of the fibres sur-
face are removed by the enzyme action,
therefore the yarn surfaces can be worn
further away during clothing exploita-
tion [12].Wet treatment with enzymes
not only gives a new look to fabric but
also changes many fabric properties and
especially increases their shrinkage - up
to 5 percent [13]. The fading intensity de-
pends on washing conditions. It is known
that the more severe conditions are, the
greater shrinkage changes in fabrics may
be expected [14]. Any wash performance
is influenced by the chemistry, tempera-
ture, time and mechanical action, there-
fore each of these parameters has to be
carefully chosen [15] taking into account
the visual effect expected and degree of
fabric property change allowed. Due to
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an uncontrolled and non-specific reac-
tion, cellulose material gets damaged and
loses strength [16]. Garments from cot-
ton are most often daily wear, therefore
they are laundered frequently. In spite
of the opinion that after the first wash at
home jeans shrink to fit and eventually
become the right size, it was determined
that the whole relaxation shrinkage po-
tential of a fabric may not be realised in
a single wash [17]. In subsequent washes
further shrinkage may occur in decreas-
ing amounts. Therefore the maximal
laundering cycles for cotton fabrics used
by different authors fluctuated from 10 to
2519, 18 - 20].

Taking into account the physical comfort
of clothes, the deformability of their parts
depends, to some degree, on the mobil-
ity of the fabric structure. The structural
mobility of woven fabrics from cellulose
fibres may be analysed using different
actions such as extension [10, 13 - 15,
21], bending [8, 14, 15], shearing [14],
wrinkling [8, 9] and compression [14].
The loads acting at an angle to the two
principal directions cause the shearing
characteristic of woven fabrics. This
phenomenon can be analysed using the
well-known simple shear [22] and bias
test [23] methods. For the evaluation
of shearingdeformation, which appears
on the sideparts of trousers, and sleeve
the original parallelepiped shape speci-
men’s, shearing method was proposed.
It has already been used for coated and
laminated fabrics as well as for stretch
woven fabric deformability analysis [24,
25]. The shear behaviour of woven fab-
rics was analysed during the uniaxial ten-
sion of a parallelepiped shape specimen
whose top and bottom edges were cut
with a pitch of 16 degrees.
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Figure 1. Initial specimens shape with
main parameters measured.

The aim of this work was to apply the
parallelepiped shape specimen shearing
method for structural mobility analysis
of a woven cotton blend fabric and deter-
mination of the fabric shear change after
some wet treatments, such as fading with
enzymes and cyclical home laundering.

B Experimental

Three cotton blend fabrics which were
used for washed production were select-
ed for this work. For the purpose of veri-

fying the suitability of the parallelepiped
shape specimen shearing method for cot-
ton fabric deformability estimation, fab-
rics of different structural characteristics
were used in this work. Basic characteris-
tics of the fabrics tested are shown in 7a-
ble I. The warp of these fabrics is 100%
cotton and the weft is cotton blend with
other fibres.

Nowadays a variety of treatments of
clothes from cotton fabrics is used. In
order to examine the fabrics’ structural
mobility, two types of wet treatments
were chosen for this work: fading and
laundering. The fading of the fabrics was
performed using enzyme wash (Ew). The
specimens were washed according to
industrial conditions used during profes-
sional treatments of garments made from
cellulose textile materials:

a. The specimens were laundered for
about 30 min at a solvent temperature
of 50 - 55 °C using 1.5 per cent deter-
gent BEINZYM UL, pH 4.5 - 5.5;

b. Rinsing with soda ash to pH 8 - 9 for
about 10 min., cold rinse;

c. Softening with 1 - 3% TUBINGAL
CIS for 15 min at 40 °C, pH 5 - 6;

d. Tumble drying at 100 °C, followed by
cooling down.
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Figure 2. Specimen of fabric Al clamped in the jaws (a), after extension €3 = 14% (b) and

&, (c).

Table 1. Characteristics of fabrics investigated.

Fabric | Composition Density, cm*1 Weave Mass per square Thickness,
P Warp Weft structure meter, g/m2 mm
65% cotton .
AT 359 polyester 26 19 Plain wave 227 0.36
0,
A2 | 8% cotton 56 24 % Twil 202 0.55
2% elastane
43% cotton )
A3 57% flax 20 13 Plain wave 228 0.43
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The specimens’ treatment was done with
a professional drum machine - PRIMUS
TEXCOLOUR NC45DM.

Additional domestic cyclical launder-
ing was done on purpose to analyse the
fabrics’ deformability during clothes
wear. Treated (Ew) and non-treated (0)
specimens were subjected to domestic
laundering one (DI-1), five (DI-5) and
ten (DI-10) times. The fabrics were laun-
dered by means of a home automatic
washing machine for 30 minutes at 40 °C
with ‘Ariel’ detergent and then rinsed for
30 min. at 10 °C. Drying of the speci-
mens was carried out in a free state on a
flat surface at room temperature.

Structural changes in the fabrics after the
wet treatments were evaluated using such
characteristics as fabric thickness, mass
per square meter and shrinkage. The
mass per square meter was determined
in accordance with LST EN 12127. The
percentage weight loss method is widely
applied to evaluate physical and chemi-
cal surface changes in the structure of
cotton after various treatments [11, 15,
26, 27]. The thickness of the fabric was
measured by a thickness meter at a pres-
sure of 0.196 MPa in accordance with the
FAST system [23]. Five measurements
were made. The coefficients of variation
exceeded 2.8% for the weight measure-
ments and 3.5% for the thickness meas-
urements. The fabric shrinkage R after
the wet treatments was determined in
the warp (I) and weft (II) directions by
the standard procedure (LST EN 3759).
Three repeated measurements were made
for every case and average dimensional
changes were expressed to the nearest
0.1%. The coefficient of variation ex-
ceeded 1.5%.

A method based on the extension of the
parallelepiped shaped specimen was used
for estimation of the structural mobility
of the fabrics tested [24, 25]. This meth-
od was chosen on purpose to analyse the
fabrics’ deformability that is similar to
their behaviour in some parts of clothes
[4, 7]. The parallelepiped specimen had
the following measurements: 100 mm X
50 mm work zone in the extension direc-
tion, and the upper and bottom selvages
were cut at a = 16° angle (Figure I).

The experiment was carried out using a
Zwick Z/005 tension machine. The cross
— head speed was kept at 100 mm/min.
After the specimen was fixed in the jaws,
it formed two waves in the bias direction.
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At the beginning of the experiment, the
angle f between weft and warp threads
was 90°. The distance /, between jaws
was chosen as 100 mm. The specimen’s
extension distance / till it became rectan-
gular without waves was evaluated using
the formula:

1= bltga (1)

where b =50 mm and o = 16° , with the
extension distance equal to / = 14 mm or
£3=14%. During specimen extension, an-
gle f changed from 90° to 90°+¢, show-
ing the shearing phenomena of the fabric
which often appears on the outer side of
trousers [7] or in sleeves [4]. Contrary
to expectations, the experiment showed
that the extension distance / = 14 mm is
not enough because at the final stage the
remaining waves on some specimens’
plane are observed (Figure 2.b). Taking
into account that the buckling phenom-
enon on the specimen’s plane did not dis-
appear, further extension ¢, was carried
out till the plane of the specimen had no
waves and the shearing process expired
(Figure 2.c).

Fabrics deformation peculiarities were
analysed using parameters received
from stress-strain curves (Figure 3). As
evident from the curve shape, the speci-
men’s extension force F' increases expo-
nentially. The values of F' are small at
the initial stage of extension due to the
original shape of the specimen; only its
zones near the neutral axis A-A begin to
deform (Figure 2.a). The structure mo-
bility of the fabrics tested was evaluated
using two forces F'3 and F),. For analysis
of the specimens’ behaviour during their
extension, the calculated strain &3 and fi-
nal strain ¢, were also determined from
the curves.

Five repeated measurements were made
for every case. The coefficients of vari-
ation till 6.5% for stress measurements
and 14.5% for strain measurements were
obtained.

All measurements were performed af-
ter the specimens had been conditioned
in standard atmospheric conditions for
24 hours (20 + 2 °C temperature,
65 £2% RH).

@ Results and discussion

Enzyme wash

The test fabrics’ shrinkage R after their
enzyme washing (Ew) is presented in
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Figure 4.a. 1t is known that the shrinkage
degree depends on the fabric structure, fi-
bre content and fabric finish [9, 28]. With
reference to the fact that textile materi-
als are under significant lengthwise stress
during  manufacturing, considerable
shrinkage during successive mechanical
and chemical processes often occurs in
the warp direction [28]. The results show
that the shrinkage R of the fabrics tested
was larger in the warp direction - about
0.6 - 2.6%. The second reason for higher
fabric dimensional change in the warp di-
rection is the presence of more shrinkage
yarns: pure cotton (fabric Al and A2) and
pure flax (fabric A3). According to the re-
sults, the specimens of fabric Al shrunk
least — 2% in the warp (cotton yarns) and
only 0.9% in the weft (polyester yarns)
direction. For the rest of the fabrics tested
- A2 and A3 the shrinkage R in the warp
and weft direction exceeded equally
(5.3% and 3.3%, respectively) although
their fibre composition in the weft direc-
tion is different.

Taking into account that during fabric
shrinkage fabric’s area density increas-
es, one can expect a larger specimen
weight [29]. On the other hand, during
a specimen’s chemical and mechanical
treatment, lint and dye loss may cause
a decrease in fabric weight [9]. Our ex-
periment has shown (Figure 4.b) that
the mass per square meter of all fabrics
tested increased from 0.9 to 3.5% af-
ter their enzyme washing. It was found
that maximal changes in characteristic
w were shown by cotton/polyester blend
fabric A1, whose characteristics in both
directions R were high. The impact of
enzyme wash on their mass per square
meter changes was not significant for the
rest of the fabrics tested, the reason for
which may be the more intensive influ-
ence of enzyme wash on releasing fibre
powders and dye parts from the fabric.
It can be seen from Figure 4.c that after
wet treatment the thickness 7 of the spec-
imens tested also increased, but not to the
same degree. The minimum change in
thickness was determined for cotton/elas-
tane fabric A2 — only 1.8%, meanwhile
for fabrics A1 and A3 the biggest degree
of change in characteristic 7 was deter-
mined as 13.9% and 18.6%, respectively.
No satisfactory correlation was obtained
between changes in fabric characteristics
w and T after enzyme wash. This means
that in the case of wet treatment increas-
ing the fabric’s thickness, it was not al-
ways followed by a change in its mass
per square meter. It is obvious that fewer

Figure 3. Tensile load-strain curve and
main characteristics.

changes in both characteristics were
shown by fabric A2 containing elastane
yarn, while the enzyme wash changed
cotton/polyester blend fabric Al’s mass
per square meter and cotton/flax blend
fabric A3’s thickness more considerably.
It is also worth mentioning that in spite of
high shrinkage of cotton/elastane fabric,
its mass per square meter and thickness
after enzyme washing did not change
considerably.

The specimens’ stresses F'3, F, and ulti-
mate strain g, are presented in Figure 5.
As a rule the resistance to deformation is
highly dependent on the structure of the
fabric, especially the mobility of yarns
therein. A structure with a high level
of yarn mobility in the fabric generally
shows a lower resistance to tension de-
formation because the movement of
yarns allows a wider area of the fabric
to carry the load. The essence of fabric
deformation used in this work is the non-
uniform extension of longitudinal yarns,
causing their slippage with respect to
cach other. Additionally the longitudi-
nal threads extend, with the extension
degree depending on the longitudinal
threads’ tensile properties. During exten-
sion the perpendicular yarns turn about
the intersection points and the angle
between warp and weft yarns changes.
According to the results obtained, fabric
Al in the warp direction showed higher
structural stability. Its characteristic F3
reached 5.5 N, while for the other fabrics
this characteristic ranged from 0.2 till
2.6 N/cm. The investigation revealed
that after enzyme washing the resist-
ance to deformation for the majority of
specimens tested decreased by about
36.4 - 73.1%, and only for some speci-
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Figure 4. Influence of enzyme wash (Ew) on fabric shrinkage R (a), surface density w (b), and thickness T (c); I-warp direction, II-weft
direction; 0-before treatment, Ew-after enzyme wash.
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Figure 5. Fabric stress F3when &3 = 14% (a) and characteristics g, (b) and F,, (c) determined after specimen’s plane was without wrinkles;

extension in warp (1) and weft (1l) directions.

mens was an increase in F3 noticed. As
evident from Figure 5.a the enzyme wash
slightly increased the fabric’s A1 stability
in the warp direction (8.3%) and consid-
erably increased the stability of fabric A2
in the weft direction (5.7 times).The pos-
sible explanation for F'3 increasing may
be the influence of the softening agent
which was used during the enzyme wash.
Since chemical softening increases the
surface smoothness of cotton fibres [30],
the friction forces of longitudinal yarns
against each other and those of transver-
sal yarns at the intersecting points be-
came weaker, and the fabric’s structural
mobility increases. One of the main rea-
sons for fabric A2’s increased resistance
to shearing after enzyme washing may be
clastane fibre stiffening.

It should be noted that none of the fab-
rics tested showed pure shearing when
&3=14 %. More or less sharp waves re-
mained on the plane of the deformed
specimen (Figure 2.b), therefore all the
specimens were extended till &, and the
ultimate force F,, was determined. As is
evident from the results presented (Fig-
ure 5.b), the waves disappear from the
plane of fabric A2 slowly, especially in
the weft direction. It means that longitu-
dinal thread extension predominates over
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shearing deformation, which may be ex-
plained by elastane fibre presence in this
direction. During fabric extension the
longitudinal yarns containing elastane
fibre elongate more easily than changing
angles between two orthogonal yarn di-
rections. The force which is necessary to
eliminate the buckling phenomenon from
the specimens is presented in Figure 5.c.
The results indicate that the lowest values
of F,, were received for cotton/flax blend
fabric A3, especially when extension was
carried out in the warp direction. It means
that during the extension of the parallel-
epiped shaped specimens, the angles [
between the warp and weft changed more
easily for this fabric (Figure I). An enor-
mously high F,, was received for fabric
A2 in the weft direction after its enzyme
wash. It was determined earlier [25] that
during the shearing of a specimen of par-
allelepiped shape, part of the deformation
occurs due to thread extension. A possi-
ble explanation for the high F), received
for fabric A2 in the weft direction may
be the increased extensibility of elastane
yarns after the enzyme wash. Therefore
more extension distance and extension
force is necessary for the elimination of
wrinkles on the specimen’s plane. After
analysis of the fabrics’ characteristics,
such as shrinkage (R) and extension force

F3 which reflect the structural mobility
of the fabrics, the following conclusions
can be made. The specimens with higher
shrinkage after enzyme washing showed
a more considerable increase in their
structural mobility (fabrics A2 and A3
in the warp direction). The lower values
of fabric shrinkage stabilize the fabric’s
structural mobility, the degree of which
also depends on the longitudinal thread
composition. The results showed that in
the case of synthetic fibre presence in the
longitudinal yarns, the mobility of the
fabric structure decreases.

Domestic laundering

The results of the research work show
that stress relaxation of the fabrics takes
place after every laundering cycle, not
only after the first (Figure 6). Fewer
shrinkage changes were received for
cotton/polyester fabric A1 — maximum
2.5%. For the rest of the fabrics, after ten
launderings the characteristic R exceed-
ed 4 - 7% for untreated specimens and
3 - 5% for enzyme washed specimens.

It is known that enzyme treated cellu-
lose fabrics of various construction and
fibre composition exhibit significant im-
provement in dimensional stability after
washing and drying cycles because the
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Figure 7. Influence of the laundering cycles on the tensile force F'; of fabrics Al (a), A2 (b) and A3 (c).

partial hydrolysis of fabrics with cel-
lulose enzyme results in most effective
stress relaxation with minimum weight
loss [26]. We received the same results.
The faded specimens after washing cy-
cles showed less shrinkage than the un-
treated ones, with the differences rang-
ing from 0.5 to 3.75%.

Characteristic F'; was used for estima-
tion of the fabrics’ structural mobility
after their laundering because it was de-
termined at the same extension degree
&3 = 14%. According to the results, the
higher resistance to deformation was
shown by cotton/polyester blend fabric
Al (Figure 7.a). Additionally it can be
noticed that the non treated specimens
showed higher stability in the weft direc-
tion, while for the enzyme washed speci-
mens this occurred in the warp direction.
The best structural mobility was deter-
mined for fabric A2, especially in its weft
direction (with elastane fibre).

The influence of domestic laundering
on the maximal stress F, and maximal
strain g, of the fabrics tested is presented
in Figure 8. For comparison of the re-
sults for the non treated (0) and enzyme
washed (Ew) specimens before (DI-0)
and after ten laundering cycles (DI-10)
the deformation in the warp direction
was chosen. It can be seen that after the
cyclical laundering of non treated fabrics
Al and A2, their F,, may increase 2.5 -
3 times, which could be the reason for
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more visible wrinkles appearing on the
fabric plane during its shear deformation.
The laundering of enzyme washed fab-
rics leads to the softening of their struc-
ture, hence lower values of F,, are nec-
essary to complete the shearing process,
which is especially natural for fabrics A2
and A3, which are composed mostly of
cellulose fibres. It should be noted that
elastane fibre situated in the transversal
direction of fabric A2 during specimen
extension has a significant influence on
characteristic ¢, (Figure 8.b). These re-
sults indicate that the strain &, necessary
for buckling elimination from the plane
of fabric A2 gradually increased after
every treatment, despite the force F), de-
creasing conversely.

The results obtained were compared
with results for coated and laminated
fabrics obtained using the same deforma-
tion method [24]. Analysis of the results

50
| 000(DI-0)
40 @ o(DI-10)
5 30 1 B Ew(DI-0)
zE 20 | W Ew(DI-10)
w
10 A
0 .
Al A2
a) Fabrics

showed that deformation /3, causing the
fabric shearing phenomenon during their
extension, is mostly at the same level
0.5 - 2.5 N/em, with some exceptions. It is
also worth mentioning that none of these
two fabric groups showed pure shear af-
ter their extension to £3=14%. In order to
eliminate the buckling phenomenon from
the specimen’s plane, a minimum strain
of g, = 16% for cotton blend fabrics and
&, = 18% for coated and laminated fab-
rics is necessary.

M Conclusions

The method of parallelepiped shape
specimen deformation for analysis of the
structural mobility of cotton blend fabrics
after their wet treatments was applied in
this work. The results of this experiment
confirmed that various wet treatments
can not only change the structural char-
acteristics of cotton blend fabrics but also

00 0(Dl-0)
40 1| mo(pl-10)
30 4| @EWDI0)

R B Ew(DI-10)
c 20 A
w
10
0
Al A2 A3
b) Fabrics

Figure 8. Maximal stress F, (a) and maximal strain &, (b) of non treated (0) and enzyme
washed (Ew) specimens before (DI-0) and after ten (DI-10) laundering cycles, extension in

warp direction.
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have a marked influence on their deform-
ability. The following conclusions were
obtained:

The results showed that after enzyme
wash, due to their shrinkage exceed-
ing to 5%, the area density of cotton
blend fabrics increased to 0.9 - 3.5%
and the thickness from 1.8 to 15.7%.

In spite of the fabric structure tighten-
ing after enzyme wash, the structural
mobility of most of the specimens
tested increased. The application of a
softening agent during enzyme wash-
ing may be the reason for the fab-
rics’ lower resistance to deformation
forces.

It is important to note that none of
the fabrics tested showed pure shear-
ing when using a calculated strain
of 14%, which allowed the paral-
lelepiped specimens’ shape to trans-
form into a rectangular one. The test
proved that for buckling phenom-
enon elimination the specimens ex-
perienced a strain which ranged from
16 to 47% for untreated specimens
and from 16 to 35% for enzyme
washed specimens. The maximal
stress in these cases exceeded the
maximum to 16 N/cm for most fab-
rics and only for fabrics with elastane
was the increase more marked - to
52.2 N/em.

The results indicate that the cyclical
laundering of cotton blend fabrics
increased their shrinkage after every
cycle. After ten launderings the char-
acteristic shrinkage exceeded 4 - 7%
for untreated specimens and 3 - 5%
for enzyme washed specimens. The
enzyme washed specimens after the
washing cycles showed less shrinkage
than the untreated ones, with the dif-
ferences ranging from 0.5 to 3.75%.
It was determined that enzyme
washed cotton fabrics after domestic
laundering changed their deform-
ability as well, with their structural
stability depending on the fibre com-
position. Deformation forces acting
in the direction of cotton or flax yarns
decreased after every laundering cy-
cle and increased when extension
was made in the direction of polyes-
ter or elastane yarns.
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