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ABSTRACT ARTICLE HISTORY

This study aims to investigate the relief effects on woven fabrics by using heat-sensitive  Received: 15.12.2020
thermoplastic-shrink yarns and different yarn types together. The purpose of examining the relief ~ Accepted: 19.04.2022
effects is to create innovative surfaces and increase aesthetic value in the design of woven fabrics

with yarns that gain permanent shape by shrinking with heat treatments. In line with the purpose, first

of all, thermoplastic yarns and the studies carried out in this context, the fabrics produced were

examined. The information gained was evaluated within the scope of woven fabric design, and relief

effect woven fabrics were designed within the scope of a theme. Before the production process of the

main fabric designs, preliminary research fabrics were woven for the selection of the appropriate yarn

type, weaving structure, and knitting that will create the relief effects in the designs in the most

accurate way. With the data obtained from the preliminary research, yarn, woven, and woven fabric

structures were determined for fabrics and main designs and production calculations were made. After

weaving production, all fabrics were heat-treated to create permanent relief effects after being

removed from the loom. The relief effects seen in all fabrics after heat treatment were evaluated in

terms of both structural and theme-related appearance by relating the type of yarn used in the

production of fabrics, weaving, and woven structure.

Evaluations were also made according to the numerical and visual data determined during the design

and production process. The preliminary research results and the descriptions of the main fabrics are

discussed under the relevant sections, and their contributions to the design and production process are

stated in the conclusion section. In the production process of the fabrics, dobby weaving techniques

were used in the preliminary research fabrics, and jacquard weaving techniques were used in the

production of the main fabrics. Single-layer, self-connecting double-layer, and double-layer bag ~KEYWORDS
struc_tl_Jres were used as woven fabric structures. The yarns u_sgd are thermoplastlc yarns tha_t are heat Woven fabric, shrinking,
sensitive and cotton and polyester yarns that do not heat sensitive. In the design and application works thermoplastic, heat treatment,
considered as interior textiles; in addition to thermoplastic yarns, the effects of non-thermoplastic  g|jef

yarns in terms of relief were also observed in terms of aesthetic quality and structure. In addition to

the use of thermoplastic yarns with non-thermoplastic yarns, the desired aesthetic relief effects have

been achieved with the combination of weaving structures, weave, and yarn density selected

depending on the designs revealed in line with the themes of the fabrics.

It is thought that the study will contribute to the development of innovative perspectives in terms of
function and aesthetics in creating relief effects in woven fabric design with the use of thermoplastic
and non-thermoplastic materials, and weaving techniques.

To cite this article: Kurtuldu Dénmez E, Onlii N. 2022. The relief effects of thermoplastic structured-shrunken yarns on woven
fabrics. Tekstil ve Konfeksiyon, 32(2), 87-98.
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1. INTRODUCTION

From past to present, textiles have different usage areas and
visuality depending on the changing structures of societies
such as belief, ethnicity, geography, socio-economic status.
Textiles are produced with three basic techniques: weaving,
knitting, and non-woven surfaces. Among these techniques,
weaving is the most commonly used production technique
in textiles.

In both the functionality and visual appearance of textiles,
the elements such as raw materials, color, weave,
technique, and finishing processes are the main factors in
creating difference and innovation. The physical and
chemical properties of the yarns used in woven fabrics have
important effects on the usage function and visual
appearance. These effects may differ according to the raw
material of the yarns. Many properties of the yarns, such as
twisting properties, fineness and thickness, color, being
transparent and opaque, make significant contributions to
the visuality of the fabrics. They can give different visuals
of aesthetic quality to fabrics. These different visual effects
also contribute to the diversification of usage areas. For
example, weaving fabric samples that created relief effects
by using twisted yarns in different directions were
exemplified in detail by Ann Richards [1]. In the first
fabric, Z twisted yarn in the warp and weft, in the second
fabric Z twisted yarn in the warp, S twisted yarn in the
weft, in the third fabric S twisted yarn in the weft and warp,
and the last fabric S twisted yarn in the warp and Z twisted
in the weft was used (Figure 1).

Depending on the raw material of the yarns, chemical
properties such as felting, shrinking, and dyeing are also
effective in the usage function and visual appearance of
woven fabrics. “Increasing raw material demand due to
industrial development and the industrial revolution brought
along the efforts of developing alternative raw materials and
thus produced man-made fiber” [2]. The discovery and
development of man-made fibers and their reactions as a
result of the applied finishing processes have provided
functional and visual diversity in the design and production
of woven fabrics. For instance, shibori is the most known
technique for both dimensional and visual appearance on
woven fabrics. In Figure 2, a three-dimensional and colorful
shibori-weaving by Brachmann is seen.

One of the important properties of man-made fibers is that
they are sensitive to heat. This property of man-made fibers
is called thermoplastic property and is also referred to as
thermoplastic fibers and yarns in the sources. In other
words, these yarns are the yarns that change their shape
after heat treatment and have the potential to maintain these
forms. Thermoplastic yarns are also called heat-sensitive or
shrink-yarns in the textile industry. In this study, this yarn
is referred to as a thermoplastic shrink yarn depending on
the applications made. The reason for the use of this term is
to differentiate “the finishing process, such as the
bleaching, felting, or shrinking effect of the fiber depending
on the elastane property” [4]. Another reason; it is to
describe the relief effect that occurs as a result of ‘finishing
processes such as bleaching, felting, shrinking applied after
weaving, depending on the elastane feature of the yarn’ [4].

Figure 2. ‘Folded Currents’, Heat treatment and shibori-woven technique, Holly Brackmann, 2008 [3].
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The use of thermoplastic-shrinkable yarns in the design and
production of woven fabrics has provided permanent relief
effects on the fabrics. Such relief effects have brought
woven fabrics to different visual appearances with an
innovative perspective. Due to their raw material, the
thermoplastic structured- shrunken yarns can be melted at
different temperatures and can maintain their permanence
when the dry heat is removed. The reasons for the use of
thermoplastic yarns in the design and production of woven
fabrics; the infinite diversification of the material and
technique, the possibility of an unlimited design, is an
innovative material, low cost, functionality, and performance
can be improved. In the 1960s, textile materials and
techniques have become used as an art form. Especially in
the 1970s, the Japanese designers reinterpreted fabrics
produced from thermoplastic yarns. These fabrics can be
considered as the best examples of the combination of
traditional techniques and technology in the cooperation of
arts and crafts concepts. Reiko Sudo, who has made great
efforts in weaving fabrics with relief and volume effects
using thermoplastic yarns, has also signed many innovative
designs with Nuno Corporations [Figure 3].

Figure 4. ‘Pleats Please’ pleated fabrics by Issey Miyake, 2012 [6].

Structures with many different relief effects, natural or
artificial; take place at every point of life, and with the
formation of modern design consciousness, the idea of
simple, effective, functional design shapes aesthetics and
tastes [7]. The reflections of this situation are also seen in
the design and production of woven fabrics in textiles.
“Design and manufacture of woven fabrics with relief
effects with thermoplastic yarns reached the highest level
with the search for alternative surfaces and forms in the
1980s” [5]. In 1981, the Japanese designers provided to
highlight man-made fibers by forming thermoplastic fibers
with textile techniques and technology. Moreover, they

brought an aesthetic approach with innovative surfaces. “In
general, they have concentrated on fabric design rather than
form in their collections and integrated the fabrics with
minimal garment forms providing to express their high
technology and aesthetic properties” [5]. By the end of the
20th Century, “thermoplastic structured fibers such as
acetate, triacetate, polyamide, polyester, polypropylene,
polyurethane elastomer” [8] brought fabrics to very
different dimensions in terms of functionality and visuals
combined with technology and art.

In the 21st century, fabrics made from thermoplastic yarns
have been redesigned with a creative and innovative
perspective. In the production of these new designs, fiber,
yarn, weaving techniques, and finishing processes were
used together. This different approach brought the industry
and art cooperation to the highest point in weaving design.
One of these creative and innovative approaches is relief
effects. Relief effects also have an outstanding place in the
design of woven fabrics in terms of aesthetics and
technique. Because relief effects carry woven fabrics to an
innovative and distinctive visuality. “Relief is defined as
embossing of surface and divided into four groups as low
and high relief, either inwards or outwards” [9]. Another
definition of relief is as follows, apart from the definition
that is identified with the art of sculpture in plastic arts:
"Relief is the method of creating figures on the surface by
leaving some parts hollow and some parts embossed” [10].
The relief effect is also the effect of light on embossed
surfaces. It is the shadow effect that reveals deeply. The
higher the voluminous areas on the woven fabric surface,
the greater the depth of light and shadow, and the greater
the relief effects [2].

Within the scope of art and design, relief is characterized as a
form of texture and surface formation, especially in
architecture and sculpture. Relief in the design of woven
fabrics; # is expressed as voluminous and fluffy surfaces
created by the combination of yarn, weave, density, and
weaving techniques. In relief effect woven fabrics, light is an
important factor in the perception of fluffy and voluminous
effects. Light-dependent shadow effects can change the
perception of relief effects. In this change, the use of yarn
type, weave, density and weaving technique parameters is
also important depending on the design. Depending on these
parameters, the greater the difference between the indentation
and protrusion in the created relief, the greater the depth of
light and shadow. The smaller the difference between
indentation and protrusion, the less depth of light and
shadow. These increases and decreases will cause different
relief effects on the surface of woven fabrics. On the other
hand, depending on the aforementioned parameters, the
flexibility and softness of the fabric are of great importance
in the formation of the relief effect.

To create a relief effect in woven fabrics, woven structures
are the most used among the parameters mentioned above.
These woven structures are multi-layered, reinforced, pile,
pleated, pique structures. Also the weave in woven fabric
structures reveals effects such as relief, contrast, volume,
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vibration, opacity, and shine [11]. Structural features of
yarns such as twisting direction, short and long fibers are
also important in creating a relief effect. At the same time,
properties such as heat shrinkage and shrinkage processes,
which depend on the chemical properties of the raw
material of the yarns, are also effective issues in creating a
relief effect in woven fabrics.

In woven fabrics,-the heat sensitivity feature of the thread
creates the embossed effect with thermoplastic threads. In
addition to thermoplastic threads, different types of threads
should be used in fabrics. When heat treatment is applied to
fabrics in which thermoplastic yarns are used, bulky relief
effects occur on the surface depending on the design of the
fabric and the production parameters used. These
voluminous relief effects create different visual aesthetic
qualities on the fabric surface. Elsasser was explained
detailed the physical and chemical properties of the yarns
are affecting the design in terms of relief and volume in her
book named ‘Textiles: Concepts and Principles’ [12].

In the light of all pieces of information, the study aims to
examine the relief effects to be obtained by using
thermoplastic yarn in the design and production of woven
fabrics in terms of aesthetic visual effects that will occur in
connection with creativity. The main reason why
thermoplastic yarns are preferred to create a relief effect is
that they can take permanent shape with heat. During the
research phase of the subject, sectoral studies and
publications on this subject were examined and read. In all
accessible sources, it has been observed that the effects
such as volume and relief obtained by applying heat
treatment to fabrics woven with thermoplastic yarns are not
examined in detail in terms of aesthetic visuality
concerning design and creativity. In the available resources,
studies on the use of elastane yarn and felt to add volume to
the fabric with the use of different materials have been
reached. Regarding thermoplastic yarns, it has been seen
that fabrics with finishing processes such as pleating and
embossing and double-layered woven fabrics are
mentioned. A detailed scientific study has not been found
about the relief, volume, and sizing that occur depending on
the structure and weave of the fabric with the use of heat-
sensitive thermoplastic yarns in woven fabrics.

For this reason, it is thought that the study will guide those
who will work in the field of aesthetic visual effects created
by heat-sensitive thermoplastic yarns in the design of
woven fabrics.

2. MATERIAL AND METHOD

Within the scope of this study, 7 preliminary research
fabrics and 12 main fabrics were designed and produced to
investigate the effects of thermoplastic yarns and relief in
woven fabrics. Before the main fabric designs and
production, seven preliminary research fabrics were
designed and produced to observe the different relief effects
of the thermoplastic yarn depending on the weave, woven
technique, density, and material variables. After the heat

treatment results of the preliminary research fabrics were
evaluated, the main fabrics were designed and produced.

Pre-research fabrics were produced on a 55 cm wide, metal,-a
handloom with 24 heald shafts. The main material used in
fabrics is threads of thermoplastic structure. The
thermoplastic yarn was used only as weft yarn. The yarns
used in the weft are 300-denier polyester shrink yarn, Nm
40/2 cotton yarn, Nm 25/2 cotton yarn, Nm 30 polyester
boucle yarn, Nm 50/2 polyester yarn. Nm 50/2 polyester
yarn, which is not likely to shrink during heat treatment, was
used as a warp thread. Plain, 2/2 twill, 2/2 weft ribs were
used as the weave. Material and production information of
these samples are given in Table 1. In the tabulation of the
standard and variable values used in the study, the work of
Acar, Meri¢ and Kurtuldu structurally was taken as a
reference. [4]. The comparison of the appearance of these
samples before and after heat treatment in terms of relief
effect is given under the title of ‘Evaluation of Relief Effects
of Preliminary Research Fabrics’.

In the face-to-face meeting with Kiiglikerler Tekstil Ticaret
Sanayi, it was learned that these yarns are heat-treated with
dry hot air between 155-165°C. For this reason, all fabrics
were kept in 160°C, dry hot air for 3 minutes from a distance
of 10 cm, to shrink them and take their permanent shape.

These patterns were prepared in the computer-aided weaving
program and woven on 2400 platinum Somet Staubli
Jacquard Loom with three weft yarn groups. In the 12 woven
fabrics, 300-denier thermoplastic structured-shrunken yarn,
300 denier polyester non-shrunken yarn, Nm 4 micro
polyester chenille yarn, and 1800 denier polyester air
texturized yarn were used as weft yarns. As the warp yarn,
150-denier polyester non-shrunken yarn was used.

After evaluating the results of the preliminary research
fabrics in terms of relief effects, the design and production
of the main fabrics were started. 12 main fabrics were
designed. In the main fabrics, 150 denier polyester yarn in
the warp, 300 denier polyester yarn in the weft, 300 denier
polyester thermoplastic yarn, Nm 4 micro polyester chenille
yarn, 1800-denier polyester air-textured yarn were used.
Thermoplastic structured yarns; It is only used as weft yarn
because it has very thin filaments is less twisted, and has
low breaking strength. The main fabrics were woven in a
double-layer bag structure on a 2400 platinum Somet-
Staubli jacquard loom. The weave of the fabrics was fixed
as a plain weave.

The reason why thermoplastic structured-shrunken yarns are
used only in weft is that they are not suitable for use as a
warp yarn due to their very fine structure and low twist due
to their rupture quickly [2]. Due to the results of pre-research
fabric samples, the weave is fixed as a plain weave in main
fabrics which are designed and prepared for production. The
production criteria of the main fabrics are given in Table 2.
In the tabulation of the standard and variable values used in
the study, the work of Acar, Meri¢, and Kurtuldu structurally
was taken as a reference. [4]. The comparison of the
appearance of these fabrics before and after heat treatment in
terms of relief effect is given under the title of ‘Design and
Production Process of Main Fabrics’.

90

TEKSTIL ve KONFEKSIYON 32(2), 2022



Table 1. Technical information of the pre-research fabric samples

Weaving technique

Warp yarn
STANDARTS Warp density

Fabric length

Heat treatment details

Dobby weaving

Nm 50/2 polyester non-shrunken yarn

16 threads/cm

10cm

160°C dry heat air, 3" from 10 cm length for each fabric

Fabric structure

Reed number and change

Weft yarns

Warp density

Total i
VARIABLES otal weft density

Weaving structure

Fabric width on the loom

Warp yarn arrangement

Single-layer (Sample 1,2,3)

Double-layer (Sample 4,5,6,7)

80/2 (Sample 1,2,3)

100/2 (Sample 4,5,6,7)

300-denier polyester shrunken yarn (Sample 1),

300-denier polyester shrunken yarn, Nm 40/2 cotton yarn (Sample 2)
300-denier polyester shrunken yarn, Nm 30 polyester bouclé yarn (Sample 3)
300-denier polyester shrunken yarn, Nm 50/2 polyester yarn (Sample 4)
300-denier polyester shrunken yarn, Nm 25/2 cotton yarn (Sample 5, 6, 7)
16 threads/cm (Sample 1,2,3)

20 threads/cm (Sample 4,5,6,7)

12 threads/cm (Sample 1)

8 threads/cm (Sample 2,3)

20 threads/cm (Sample 4,5,6,7)

1/1 plain weave (Sample 1,4,5,6,7)

2/2 weft ribs (Sample 2)

2/2 twill weave (S direction) (Sample 3)

20 cm (Sample 1,2,3)

18 cm (Sample 4,5,6,7)

Only shrunken yarn (Sample 1)

10 cotton yarn, 2x (4 shrunken yarn, 4 cotton yarn) (Sample 2)

16 bouclé yarn, 10 shrunken yarn ( Sample 3)

10x(1 polyester yarn, 1 shrunken yarn), 8 polyester ( Sample 4)

10x(1 cotton yarn, 1 shrunken yarn), 8 polyester ( Sample 5)

20x(1 cotton yarn, 1 shrunken yarn), 2 cotton yarn ( Sample 6)

20x(1 cotton yarn, 1 shrunken yarn) ( Sample 7)

Table 2. Technical information of the main woven fabrics

Weaving technique
Weaving machine

Warp yarn

Warp density

Reed number and change

STANDARTS Weaving structure

Fabric width on the loom
Fabric length on the loom

Heat treatment detail

Jacquard weaving

Somet Staubli Jacquard Loom (2400 hooks)

150-denier polyester non-shrunken yarn

66 threads/cm

11/6

Ground: 1/1 plain

Structure: double-layer bag-structure

Border weave: 3/3 ribs

170 cm

50 cm

Monforts Ram Toptex/ Monfortex 8000, 155°C, 16m/min (Group 1)
Monforts Ram Toptex/ Monfortex 8000, 165°C and 14m/min (Group 2)
Monforts Ram Toptex/ Monfortex 8000, 155°C, 16m/min (Group 3)

Weft yarn groups

VARIABLES
Total weft density

Fabric quality

Group 1 (Bankiz 1, Kanyon 1, Tsunami 1, Mistral 1)
300-denier polyester shrunken yarn, Nm 4 micro polyester chenille yarn

Group 2 (Bankiz 2, Kanyon 2, Tsunami 2, Mistral 2) 300-denier polyester shrunken yarn, 300-denier

polyester yarn, Nm 4 micro polyester chenille yarn

Group 3 (Bankiz 3, Kanyon 3, Tsunami 3, Mistral 3)
300-denier polyester shrunken yarn, 1800-denier polyester air texturized yarn

20 threads/cm (Group 1)
21 threads/cm (Group 2)
20 threads/cm (Group 3)
1/1 (Group 1)
4/1 (Group 2)
1/1 (Group 3)
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3. RESULTS AND DISCUSSION

3.1. Evaluation of Relief Effects of Preliminary
Research Fabrics

As a first step, the width and length shrinkage of seven
fabrics woven for experimental purposes was observed after
weaving and heat treatment. After the weaving process was
finished and the fabric was taken off from the loom, it was
observed that the fabrics had shrinkage only in the width.
After heat treatment was applied to the fabrics, it was
determined that there was shrinkage in both width and
length. Changes in the dimensions of these samples are
given in Table 3. The appearances of the pre-research
fabrics before and after the heat treatment are given in
Figures 5-11.

If we evaluate the changes after heat treatment, it has been
observed that the samples woven in double-layer structure
shrunk more than the samples woven in a single-layer
structure (Figure 5). Added at the end of the paragraph
above the table.

Sample 1, which is given before and after the heat treatment
appearances in Figure 5, was woven in a single-layer fabric
structure with a plain weave. As a weft yarn, only
thermoplastic  structured-shrunken 300-denier polyester
yarn was used.

It was observed that this sample shrank unevenly as a result
of the heat treatment and a clear and regular relief effect
could not be obtained (Figure 5-B). The first is the one-to-
one binding of the weft and warp threads due to the plain
weave used. Therefore, weaving has a dense structure. The
second is the use of a second non-thermoplastic yarn in the
weft.

A &

Figure 5. A) Appearance of Sample 1 before heat treatment, B)
Appearance of Sample 1 after heat treatment [2].

Sample 2, which is given before and after heat treatment
appearances in Figure 6, was woven in a single layer
structure with a 2/2 weft ribs. As a weft yarn, thermoplastic
structured shrunken 300-denier polyester yarn and Nm 40/2
cotton yarn were used. A high relief effect was observed on
the fabric after heat treatment. Despite the single-ply fabric
structure, it was concluded that the relief effect on the
fabric is due to the use of 2/2 ribs as weave and cotton yarn
and thermoplastic polyester yarn as weft yarn.

Figure 6. A) Appearance of Sample 2 before heat treatment, B)
Appearance of Sample 2 after heat treatment [2].

Sample 3, which is given before and after heat treatment
appearances in Figure 7, was woven in a single-layer
structure with a 2/2 twill weave. As a weft yarn,
thermoplastic structured- shrunken 300-denier polyester
and Nm 30 polyester air texturized yarns were used.
Despite the single-ply woven structure of the fabric, the use
of air-textured and thermoplastic shrinking yarn as weft
yarn and 2/2 twill as weave has created high relief effects
on the fabric after heat treatment.

Figure 7. A) Appearance of Sample 3 before heat treatment, B)
Appearance of Sample 3 after heat treatment [2].

Sample 4, whose views before and after heat treatment
were given in Figure 8, were woven in plain weave. Single
and double woven structures were used together in the
fabric. The weft yarns used are 300-denier polyester yarn
and Nm 50/2 polyester yarn with a thermoplastic structure.

Table 3. Dimensional changes of pre-research fabric samples

Pre-reseach fabric samples’ numbers

Fabric witdh on the loom

Fabric width before heat treatment ~ Fabric width after heat treatment*

Sample 1 20cm
Sample 2 20cm
Sample 3 20cm
Sample 4 18cm
Sample 5 18cm
Sample 6 18cm
Sample 7 18cm

19,5cm 15¢cm
19,5cm 16 cm
19,5cm 17 cm
17 cm 14,5¢cm
17 cm 14,5¢cm
17 cm 14,5¢cm
17 cm 14,5¢cm

* 160°C heat treatment, 3’ from 10 cm length for each fabric
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After the fabric is heat-setted, it is seen that the areas where
thermoplastic structured-shrunken yarn and polyester yarn
are used are straight, but the areas where only polyester
yarn is used have a wavy appearance. Another reason for
this appearance is the use of single and double-layered
structures on the fabric surface with unit repetitions. It is
thought that both the fabric structure and the yarn
arrangement affect on the formation of high relief effects in
the single-ply parts by pulling the thermoplastic shrinking
yarn in the double-ply parts by heat treatment.

Figure 8. A) Appearance of Sample 4 before heat treatment, B)
Appearance of Sample 4 after heat treatment [2].

Sample 5, which is given before and after heat treatment
appearances in Figure 9 was woven in both single and
double-layer structures with plain weave. Sample 5, whose
views before and after heat treatment are given in Figure 9,
was also woven as plain weave. Depending on the design of
the fabric, single and double woven structures were used
together. As a weft yarn, thermoplastic structured- shrunken
300 denier polyester yarn and 25/2 cotton yarn were used.
The difference of Sample 5, woven in the same weaving
structure with Sample 4, is the use of cotton yarns instead
of polyester as weft yarn. When the appearance of the
fabric is examined; although the thermoplastic shrink yarn
shrunk after the heat treatment and created a relief effect on
the fabric, the expected relief effect did not occur due to the
thick and hard structure of the cotton yarn. The relief effect
is minimal.

S

Figure 9. A) Appearance of Sample 5 before heat treatment, B)
Appearance of Sample 5 after heat treatment [2].

Sample 6, which is given before and after heat treatment
appearances in Figure 10, was woven in double-layer and
bag structure with plain weave. As a weft yarn,
thermoplastic structured- shrunken 300-denier polyester
yarn and Nm 25/2 cotton yarn were used. The use of a
double-layer bag structure in the fabric gave the fabric a
relief effect with a wavy appearance after heat treatment.
The combination of double layer and bag structure in the

fabric gave the fabric a wavy appearance and a relief effect
after heat treatment. Plain weave has negatively affected the
degree of relief despite the double-layered structures. A
much lower, irregular relief effect occurred than expected.

—_——
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Figure 10. A) Appearance of Sample 6 before heat treatment, B)
Appearance of Sample 6 after heat treatment [2].

Sample 7, which is given before and after heat treatment
appearances in Figure 11, was woven in a double-layer
structure with a plain weave. As a weft yarn, thermoplastic-
structured shrunken 300-denier polyester yarn and Nm 25/2
cotton yarn were used. The fabric was woven in a double-
layered structure by choosing the connection points in
diagonal form. Thanks to the regions where the connection
points are after heat treatment, wavy relief effects have
been formed on the fabric.
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Figure 11. A) Appearance of Sample 7 before heat treatment, B)
Appearance of Sample 7 after heat treatment [2].

When the relief effects occurred after heat treatment on all
fabrics are compared,; it has been observed that higher relief
effects formed in fabrics woven in a single-layer structure
where thermoplastic yarns and non-thermoplastic yarns are
used together. With this result, it has been determined that
the ratio of thermoplastic shrink yarn used as weft yarn
should be at least 50% to obtain a relief effect on woven
fabrics. This result also supports the findings in Ann
Richards' book "Woven Textiles Shaping Themselves" [1].

When we evaluated the relief effects in terms of weave factor;

- It was determined that the weave factor is also

important in the formation of relief.

- It was understood that the use of 2/2 ribs and 2/2 twill
weaves caused a higher relief effect than the tightly
connected plain weave.

- It was concluded that the lower bonding rates in the
weft and warp yarns were effective in the shrinkage
rates of the thermoplastic yarn after heat treatment and
increased the degree of relief effect.

It is seen that the use of cotton yarn together with
thermoplastic yarn in the weft increases the relief effect in
plain weave fabrics where single and double layer
structures are used together. The use of polyester yarn as
the second weft yarn resulted in a low relief effect. It has
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been determined that the connection points in double-layer
structures are also effective in the degree of relief effect.
The effect of the connection points on the relief effect is
also valid for the fabrics where double layer and bag
structure are used together.

3.2. Design and Production Process of Main Fabrics

The first step in the design and production process of main
fabrics is the design process. The main fabrics are designed
and produced as upholstery or curtains for the interior.
During the design process, first of all, current fabric fashion
trends were researched. A 'Timeless' collection was created
with the idea of a future-oriented approach. The science of
biomimetics, which is the science of imitation of nature by
human beings, has been integrated with the idea of
timelessness, and four themes have been determined under
the title of ‘Timeless’, inspired by the ever-changing but
inexhaustible formations of nature. These themes are
respectively; it was named Bankiz, Kanyon, Tsunami, and
Mistral. Three designs were made for each theme. While
determining the inspiration sources of the themes, the relief
effects obtained in the preliminary research fabrics were
also taken into consideration.

Bankiz-themed designs are based on the view that is formed
by the breaking of the 1-2 meter thick ice sheets formed by
the freezing of the sea surface in the regions close to the
polar points, due to natural or artificial reasons. Kanyon-
themed designs are based on the flow of water, which easily
passes through layers such as soft soil and limestone,
forming a deep, curved valley. In Tsunami-themed designs;
Along with the high wave movements on the sea, the
environmental changes in the coastal areas as a result of
this were also taken into consideration. In Mistral-themed
designs; The winds formed by the gradually narrowing
movements of the low and high-pressure points have been
the source of inspiration.

During the design process, only white and beige colors
were used, considering that the color would affect on
creating relief. In the designs, relief effects related to light-
shadow were aimed to be brought to the fore. Based on the
data in the preliminary research fabrics, weave, technigue,
and material selection were determined with the aim of
creating a relief effect depending on light-shadow.

The designs for each theme were produced in four different
ways by keeping the density, technique and weave constant,
and the yarn factor variable. The yarn properties of the
fabrics are given in the method section. The designs were
prepared for production in the NedGraphics computer-aided
design program. It was sized according to the product type
according to material-technical differences.

In the production preparation process; In line with the
information obtained from the preliminary research fabrics,
the weft and warp densities of the materials to be used were
calculated. It was passed through a number 11 comb
suitable for a 2400 platinum loom, with 6 warp threads in
one heald wire, as 66 threads/cm. Depending on the
dimensions of the patterns and the weft insertion order of
the yarns used, 2400 platinum numbers were kept constant,
but different peak numbers were used. The warp and weft

densities, platinum counts, reed numbers, and reed counts
of the 12 fabrics produced are given in Table 2. The reed
change count is the count of picks required to complete one
repeat of the pattern.

As a result of the design and production of the preliminary
research fabrics, it has been observed that the double-ply
bag structure is the most effective weaving technique in the
formation of relief effects in woven fabrics with the use of
thermoplastic yarn. For this reason, a double-layered bag
structure was preferred in the main designs. In the areas
where these structures are used, plain weave is used and the
weave is kept constant. The reason why the weave was
chosen as plain is that, based on the data of the preliminary
research fabrics, it is desired to obtain a low relief effect on
the fabrics with this weave, which has the most frequent
connection structure. Weaving structures and weaves used
in woven fabrics are given in Table 2.

As a result of the data of the preliminary research fabrics, it
was seen that the optimum relief effects were obtained by
using a thermoplastic yarn in the weft and different yarn.
For this reason, polyester yarn, polyester chenille yarn,
polyester air-textured yarn were used together with
thermoplastic shrink yarn in the production of main fabrics.

The main fabrics were woven on 2400 platinum Somet
Staubli Jacquard Loom. All information of production is
given in Table 2, under ‘Material and Method’. The heat
treatment application was performed on a heat treatment
machine hamed-as Monforts Ram Toptex/ Monfortex 8000.
A temperature of 155°C at 16m/min was applied to the first
and third group fabrics woven with a weft density of 20
threads/cm. The second group of fabrics, woven with a weft
density of 21 threads/cm, was heat-treated at 14m/min at
165°C. According to the heat treatment, it was observed
that twelve fabrics shrunk by 17,64% and had a permanent
shape (Table 4). Since the shrink yarn with thermoplastic
structure was used only as weft yarn, shrinkage occurred in
the fabrics only in the weft direction. No shrinkage was
observed in the warp direction of the fabrics.

Before and after heat treatment appearances of the fabrics
produced with three different weft yarn groups are given in
Figures 12-23 and relief effects are examined. The first
groups of fabrics (Figures 12-15) were woven in double-
layer bag fabric structure, 66 threads/cm warp density, 20
threads/cm weft density, 11/6 reed number. As a warp yarn,
150-denier polyester yarn was used. 300 denier polyester
shrunken yarn, Nm 4 micro-polyester chenille yarn were
used as weft yarns.

After the heat treatment applied to the fabrics in all main
fabrics, because of shrinkage of the thermoplastic yarn, the
pattern areas in which the double-layered bag structure is used
gained volume. In different visuality relief effects have
emerged according to their patterns designed depending on the
themes of the fabrics. Accordingly, when we examine the
visual effects of all fabrics in groups one by one, the results are
as described below. Due to the structure of chenille yarn used
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as weft yarn, the fabrics have a soft handle. These fabrics are
suitable for use as upholstery and curtain fabrics.

Fabrics belonging to the first group are Bankiz 1, Kanyon
1, Tsunami 1, and Mistral 1. The views of the fabric named
Bankiz 1 before and after heat treatment are given in Figure
12. The relief effect on the fabric has an amorphous
structure depending on the origin of the theme. These
amorphous relief views increase or decrease depending on
the angle of incidence of light.

A

Figure 12. A) Appearance of Group 1-Bankiz fabric before heat treatment,
B) Appearance of Group 1-Bankiz fabric after heat treatment [2].

The views of Kanyon 1 fabric before and after heat
treatment are given in Figure 13. Depending on the theme
of the fabric, a relief effect has been achieved giving the
appearance of water waves. The wavy relief effect changes
shape according to the position of the light.
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Figure 13. A) Appearance of Group 1-Kanyon fabric before heat treatment,
B) Appearance of Group 1-Kanyon fabric after heat treatment [2].

The views of Tsunami 1 fabric before and after heat
treatment are given in Figure 14. It consists of amorphous
triangular patterns with shapes suitable for the relief effect
theme of the fabric.

Figure 14. A) Appearance of Group 1-Tsunami fabric before heat treatment,
B) Appearance of Group 1-Tsunami fabric after heat treatment [2].

The views of Mistral 1 fabric before and after heat
treatment are given in Figure 15. The design of the fabric
consists of lozenge-shaped patterns in different sizes
depending on the theme. The thermoplastic yarn was
shrunk after heat treatment, creating a voluminous semi-
amorphous relief effect in double-ply bag-structured areas.

el

Figure 15. A) Appearance of Group 1-Mistral fabric before heat treatment,
B) Appearance of Group 1-Mistral fabric after heat treatment [2].

The second group of fabrics (Figures 16-19), were woven
in double-layer bag-structured with 66 threads/cm warp
density, 21 threads/cm weft density, 11/6 reed number. As a
warp yarn, 150-denier polyester yarn was used. 300-denier
polyester shrunken yarn, 300-denier polyester yarn, and Nm
4 micro-polyester chenille yarn were used as weft yarns.
These fabrics are softer than the first group fabrics due to
the 300 denier polyester yarn added as weft yarn. Fabrics
belonging to the second group are Bankiz 2, Kanyon 2,
Tsunami 2, and Mistral 2.

Table 4. Dimensional changes of main fabric designs

Main fabric designs Fabric witdh on the loom

Fabric width before heat treatment

Fabric width after heat treatment™

Group 1 Bankiz 1 170 cm 169 cm 140 cm
Kanyon 1 170 cm 169 cm 140 cm
Tsunami 1 170 cm 169 cm 140 cm
Mistral 1 170 cm 169 cm 140 cm
Group 2 Bankiz 2 170 cm 169 cm 140 cm
Kanyon 2 170 cm 169 cm 140 cm
Tsunami 2 170 cm 169 cm 140 cm
Mistral 2 170 cm 169 cm 140 cm
Group 3 Bankiz 3 170 cm 169 cm 140 cm
Kanyon 3 170 cm 169 cm 140 cm
Tsunami 3 170 cm 169 cm 140 cm
Mistral 3 170 cm 169 cm 140 cm

*155°C, 16m/min for Group 1 and Group 3, 165°C and 14m/min for Group 2.

The views of the fabric named Bankiz 2 before and after
heat treatment are given in Figure 16. In the design made
depending on the theme of the fabric, the motifs in

amorphous structure have a complex arrangement. The
shrinkage of the thermoplastic yarn after the heat treatment
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applied to the fabric caused relief effects in the amorphous
structure in the double-ply bag structured pattern areas.

Figure 16. A) Appearance of Group 2-Bankiz fabric before heat treatment,
B) Appearance of Group 2-Bankiz fabric after heat treatment [2].

The views of the fabric named Kanyon 2 before and after
heat treatment are given in Figure 17. In this fabric that has
a wavy pattern reminiscent of water waves depending on its
theme, double-layered bag areas have gained volume with
the shrinkage of the thermoplastic yarn after heat treatment.
The fact that the areas in the double-layer bag structure are
very dense in the pattern increased the degree of relief
effect.

Figure 17. A) Appearance of Group 2-Kanyon fabric before heat treatment,
B) Appearance of Group 2-Kanyon fabric after heat treatment [2].

The views of the fabric named Tsunami 2 before and after
heat treatment are given in Figure 18. After the heat
treatment on the fabric with triangular motifs, high relief
effects similar to tidal waves were formed in the direction
of the fabric's theme.

Figure 18. A) Appearance of Group 2-Tsunami fabric before heat treatment,
B) Appearance of Group 2-Tsunami fabric after heat treatment [2].

The views of the fabric named Mistral 2 before and after
heat treatment are given in Figure 19. The design of the
fabric consists of lozenge-shaped patterns in different sizes,
depending on the theme. The thermoplastic yarn shrank
after heat treatment, creating a voluminous semi-
amorphous, regular relief effect in the double-ply bag-
structured areas.

The third group of fabrics (Figures 20-23), were woven in
double-layer bag fabric structure, 66 threads/cm warp
density, 20 threads/cm weft density, 11/6 reed number. As a
warp yarn, 150-denier polyester yarn was used. 300-denier
polyester shrunken yarn and 1800-denier polyester air-
texturized yarn were used as weft yarns.

Figure 19. A) Appearance of Group 2-Mistral fabric before heat treatment,
B) Appearance of Group 2-Mistral fabric after heat treatment [2].

The views of the fabric named Bankiz 3 before and after
heat treatment are given in Figure 20. In the design made
depending on the theme of the fabric, the motifs in
amorphous structure have a complex arrangement. The
shrinkage of the thermoplastic yarn after the heat treatment
applied to the fabric caused amorphous embossed effects in
the double-ply bag structured pattern areas, as in Bankiz 1
and 2 fabrics. After the heat treatment, a very low
embossing effect occurred on the fabric as an expected
result of the design. This is because the air-textured
polyester yarn is used together with thermoplastic yarn in
the weft. Air-textured yarn, which is a hard-touched yarn,
reduced the shrinkage rate of thermoplastic yarn after heat
treatment. The use of plain weave in the areas where air-
textured yarn is used has been effective in the degree of low
relief effect.

Figure 20. A) Appearance of Group 3-Bankiz fabric before heat treatment,
B) Appearance of Group 3-Bankiz fabric after heat treatment [2].

The views of the fabric named Kanyon 3 before and after
heat treatment are given in Figure 21. The fabric that has a
long wavy appearance depending on the design of the fabric
has a low relief effect after heat treatment. The fabric that
has a long wavy appearance depending on the design of the
fabric has a low relief effect after heat treatment. Due to the
structure and flatweave of the air-textured yarn used as weft
yarn, the fabric has a hard touch and the shrinkage rate of
the thermoplastic yarn has decreased.

Figure 21. A) Appearance of Group 3-Kanyon fabric before heat treatment,
B) Appearance of Group 3-Kanyon fabric after heat treatment [2].

The views of the fabric named Tsunami 3 before and after
heat treatment are given in Figure 22. After the heat-
treatment was applied to the fabric, the relief effect in the
double-layered bag structures was very low. The reason for
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this is; in addition to the design of the fabric, air textured
polyester yarn is used in the weft. Air textured yarn is a
tough yarn. Flat weaving is also used in areas where yarn is
used. Both factors reduced the shrinkage rate of the
thermoplastic yarn and a low relief effect occurred.

A E

Figure 22. A) Appearance of Group 3-Tsunami fabric before heat treatment,
B) Appearance of Group 3-Tsunami fabric after heat treatment [2].

The views of the fabric named Mistral 3 before and after
heat treatment are given in Figure 23. As with Bankiz 3,
Kanyon 3, Tsunami 3 fabrics, the relief effect of Mistral 3
fabric is low relief. In the lozenge-shaped patterns of the
fabric, a voluminous, semi-amorphous, irregular relief
effect compared to Mistral 2 and 3 was formed in the
double-layered bag-shaped areas after heat treatment. The
reason for this desired result due to the design of the fabric
is that the second yarn used in the weft is air-textured.
Another reason is the use of plain knitting in areas where
air-textured yarn is used.

A

Figure 23. A) Appearance of Group 3-Mistral fabric before heat treatment,
B) Appearance of Group 3-Mistral fabric after heat treatment [2].

When we evaluate the transition process of fabrics
belonging to three groups from design to production, the
main aim was to obtain relief effects suitable for the
designs made in line with the themes of the fabrics during
the transition to production. For this purpose, the yarn type,
weaving structure and weave, yarn density, and the degree
of heat treatment to be applied were determined by
considering the data in the preliminary research fabrics.
Production calculations of the main fabrics were made with
the determined data.

When we evaluate the fabrics of the three groups in terms
of the formation process of the relief effects, it has been
observed that the yarns used and the heat treatment applied
is of primary importance. Another important factor is the
choice of the weave. The selected plain weave, the
determined yarn types belonging to each group, gave the
right result in obtaining low and high relief effects suitable
for the designs depending on the weaving structure.

As a result of these choices, the first layer of the fabric
gained volume after the heat-treatment, and relief effects
were formed in the pattern areas of the fabrics where
thermoplastic yarn is used. No relief effect was observed at

the junction of the 1st and 2nd layers. Bag-structured areas
have gained volume thanks to the points where the two
layers meet and the shrinking ropes. Depending on the
angle of the light, the forms of relief effects are perceived
differently. A decrease in the degree of relief effect is
observed in the light incident at an angle of 180 degrees.

4. CONCLUSION

With the widespread use of synthetic fibers in the 1940s,
heat treatments were applied to create permanent different
visual effects on the fabric. Especially Japanese designers
played a major role in the 1980s in giving fabrics
permanent shapes with different appearances. This
movement of Japanese designers has been described as an
innovative movement in fabric design. Today, by applying
heat treatment to the garment and home textile fabrics in
which thermoplastic yarns are used is obtained pleat, relief,
volume, etc. texture effects. Designed and produced with
the use of thermoplastic yarns with fabrics, especially in
fashion; creative solutions are offered to designers in search
of innovative materials and forms.

In addition to heat treatment; weaving, fabric structure, raw
materials used, density and color are also of great
importance in the formation of relief effects in woven
fabrics. With the variability of all these factors, an infinite
number of fabric types can be provided. In the production
of the fabrics designed within the scope of the study, it is
aimed that the relief effects created depending on the theme
take permanent forms. To achieve this goal, thermoplastic
yarns were used in the production of fabrics, and heat
treatment was applied after the fabrics were removed from
the loom. While creating permanent relief effects, the
functionality of the fabrics is also kept in the foreground. In
terms of functionality, it is desired that the fabrics can be
used for a longer period ef-time without being deformed
during washing and use, depending on the permanent shape
they have gained thanks to the use of thermoplastic yarn.

This contributes to the establishment of the concept of slow
fashion in home textile fabrics by giving the product a
sustainable quality. The aesthetic visual contribution of this
function, which enables the use of interior textiles produced
with thermoplastic yarns for a longer period; These are the
relief effects that change according to the angle of the light,
together with the permanent low and high relief effects with
an aesthetic texture and voluminous structure. Different
appearances due to low and high relief effects together with
the angle of the light coming on the surface of the fabric
can create more than one aesthetic appearance on the same
product. Such appearances will make a difference in terms
of visuality in the interior use of fabrics and will be the
reason for preference.

In the research phase of the study, first of all, the ability of
thermoplastic yarns to take permanent shape with heat
treatments in creating relief effects was investigated.
Examples from designers working on this subject were
examined. The differences in the fabrics of the designers
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who produce fabric using thermoplastic yarn have been
observed in terms of technical and aesthetic visuality. The
information obtained was evaluated together with the
factors that were effective in the formation of design and
production. With the results of the research, the concepts of
design and creativity were evaluated in terms of woven
fabrics, and an innovative and aesthetic interpretation that
would make a difference was desired to be brought to the
designed fabrics.

According to this; for thermoplastic yarns to create

aesthetically quailfied low and high relief effects on woven

fabrics:

- Thermoplastic yarns should be used together with non-
thermoplastic yarns,

- The properties of non-thermoplastic yarns such as

fineness, thickness, hardness-softness, twist are effective

in the permanent shaping of the thermoplastic yarn after

heat treatment,

Fabrics designed with double-layer bag structures have

better relief effects than single-layer fabrics,
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ABSTRACT

In this study, SA3 bacterial isolate, has been collected from textile wastewater area in industrial zone
located in Usak province, Turkey. Phenotypic identification and phylogenetic determination on the basis
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of partial 16S rDNA sequence comparisons indicated that this strain is 100 % Bacillus aryabhattai
SMNCHZ17-07. The decolorizing ability of this strain was evaluated against Cl Acid Blue 193 CI 15707
and CI Acid Red 88 CI 15620 dyes. The results showed that absorbance rate of Acid Blue 193 by this
isolate was (33, 17%) after 216 hours. While Absorbance rate of Acid Red 88 by this isolate was (62,68

%) after120 hours. According to FTIR spectrometer results of dyes adsorption it was found that bacterial
retention sites were possibly aromatic and aliphatic (C = C, C = N, N = N) as well C-O groups. As the
first report on the isolation of Bacillus aryabhattai SMNCH17-07 strain from textile wastewater with the
evaluation of its ability to remove azo dyes, we suggest testing this bacterium as a low cost and
ecofriendly bioremediator agent against further harmful dyes and pollutants

1. INTRODUCTION

Dyes are largely entered into various industrial products
such as textile, medicinal compounds, body care
preparations and etc [1-3]. Usually these dyes have a
complex form due to their aromatic nature which increases
resistance against biodegradation [4,5]. Around 10,000
diverse dyestuffs are applied in the fabric industry and
about 7x10° tons per year are manufactured worldwide [6].

Among these dyes, azo dyes are greatly entering into textile
manufacturing, and form about 50% of the synthetic dyes
used globally [7]. Azo dyes are poisonous, carcinogenic
and genetic mutation inducer compounds and found to be
harmful to some aquatic life and phototrophs in water due
to reduced light penetration which can significantly affect

KEYWORDS

Bacillus aryabhattai, azo dyes,
decolorization, Acid Blue 193,
Acid Red 88

photosynthetic activity [3,8]. Adsorption, coagulation,
flocculation, oxidation and electrochemical methods are
usually used for treatment of dyestuffs from wastewater.
But several disadvantages are related with these methods
such as cost elevation, and the excessive sludge and by-
products formation [3,9].

Conversely, biological processes can overcome physical
and chemical methods disadvantages and can be more
preferable for treating textile effluent due to their low cost,
eco- friendly characters, and the low sludge production
[10]. Bacterial strains isolated from dye-polluted sites have
been demonstrated capability of decolorization and
detoxification of azo dyes [11]. Decolorization of indigo
carmine, Congo red, Reactive Black5 and reactive blue
dyes have been evaluated by using Streptomyces coelicolor,

To cite this article: Korcan SE, Citek¢i K, Aydin B, Abed AB, Uysal Akkus G. 2022. Bacillus aryabhattai SMNCH17-07 strain:
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Bacillus sp., Shewanella oneidensis WL7 and Pseudomonas
sp. respectively [9,12-16].

Collecting air from the upper atmosphere by cryotubes was
the step that led to the isolation of Bacillus aryabhattai for
the first time [17]. Since that date few studies have been
published on this bacterium and were concentrated in the
field of bioremediation, health and the production of
biopolymers. [18-22]. Recent published studies pointed that
this bacterium can be used as a promise biocontrol source
against Bacillus glumae [23] as well for producing and
identification of biosurfactants associated with the
biopharmaceutical products [24]. The attention on B.
aryabhattai has been increased recently, due to the need of
more studies on their genome, characteristics and abilities.
Even the classification of this bacterium has been
undergone to evaluation. Recent study suggested
reclassifying of B. aryabhattai Shivaji et al. as a later
taxonomic synonym of Bacillus megaterium [25].

This study has been notified and published in the list of
changes in taxonomic opinion no.32 [26]. Recently Gupta
RS et al. depended on the potent phylogenetic and
molecular findings, suggested that 17 Bacillus species
clades should be identified as new genera. This study
reclassified B. aryabhattai to Priestia aryabhattai [27].
Studies about the ability of this bacterium to remove dyes
are still very limited. B. aryabhattai DC100 ability to
decolorize Coomassie Brilliant Blue, Remazol Brilliant
Blue R and Brilliant Green was evaluated [28]. B.
aryabhattai SMNCH17-07 strain was isolated for the first
time in 2019 in Peru during the evaluation of the
endophytic microbiota of rice cultivation against growth
inhibition of B. glumae THT strain [29]. This strain was put
in NCBI in 2019 under the accession number MK449444
[30]. To our knowledge there’s a lack of studies about this
strain and we couldn’t find a published article pointed to
the isolation of this strain from textile wastewater. Hence
we are trying in our study to give more information about
the characteristics and the abilities of B. aryabhattai
SMNCH17-07 strain and indicate for the first time to the
isolation of this strain from textile wastewater, as well

testing the ability of this strain to remove CI Acid Blue 193
Cl1 15707 and CI Acid Red 88 CI 15620 azo dyes.

2. MATERIAL AND METHOD
2.1 Material

Acid Blue 193, Acid Red 88, and Acid Yellow 42 used in
the study were obtained from the textile factories of Usak
province (Table 1).

2.2 Method

2.2.1. Determination of morphological, physical and
biochemical properties of SA3 isolate

Samples of the untreated textile wastewater and activated
sludge were collected from textile wastewater sludge area
located in Industrial Zone (10 1 10 5) in Usak province,
Turkey. After samples being diluted at 65 ° for 45 minutes
in a water bath, the strain has been isolated [31]. Gram
staining preparations of the isolated strain have been
performed. Their microscopic morphology and whether
they formed spores were determined. Growth at different
conditions, temperatures (18, 23, 37, 40 °C), pH (4, 7, 10)
and 6.5% sodium chloride (NaCl) was evaluated. Also,
starch hydrolysis, Voges Proskauer test (VP), catalase and
citrate tests have been done.

2.2.2. Molecular identification

High Pure PCR Template Preparation Roche kit was used
for DNA Isolation. Purity controls and quantification were
performed spectrophotometrically using the Thermo
Scientific-Nanodrop 2000c device. As a result, A260 /
A280 ratio of 1.5u1 DNA sample is aimed. Amplification of
the 16S gene fragment was performed using the Tag DNA
Polymerase Kit (HelixAmpTM). PCR components and
quantities of 1 pul primers sequence [11F (5°-
GTTTGATCCTGGCTCAG-3") and  1492R (5"
TACGGCTACCTTGTTACGACTT-3")] has been used.
The identification of the isolate was processed by analyzing
the 16S rRNA gene sequence and comparing it with the
existing 16S rRNA sequences present in Genbank and high
scoring rRNA sequences in BLAST searches

Table 1. Acid Blue 193, Acid Red 88 and Acid Yellow 42 azo dyes used in this study.

Dye name

Open formula

Closed formula Molecular weight

Cl Acid Blue 193, CI115707

SOaNa

~N-

S

Cl Acid Red 88, C115620

CH3

= NaO;S
al
O H

SO3Na

Cl Acid Yellow 42, C122910

HQ
OH
=
7
NaO3S Q N O

C20H13,N2NaOsS 416.38
C20H13,N2Na04S 400.38
aYEee
s =¢z
Had C32H24,N8Na208S2 758.69

100
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2.2.3. Decolorization experiments
2.2.3.1. Detection of decolorization in solid media

After the cultivation of the obtained isolates with coloring
medium (starch 10 g/L, nutrient brouth 8 g/L, agar 20 g/L,
dyestuff 0.15 g/L), decolorization has been evaluated based
on the lightening of the color around the colonies after the
incubation and the color of the colony that have been taken
from the dye [32].

2.2.3.2. Decolorization experiment in brouth medium

Bacterial isolates used in the study were inoculated into
Luria bertani (LB) brouth medium and incubated at 37 °C.
10 ml of 0.5 McFarland (1.5 10® cells/mL) prebacterium
culture was inoculated into 90 ml of LB brouth medium
containing dye. Incubation was carried out in a shaking at
37 °C and pH7 (optimal conditions for the isolate). Samples
taken at regular intervals were centrifuged at 1600 rpm for
25 minutes. The maximum absorbance value of the
supernants was read in the spectrophotometer.

The decolorization ability of isolated strain has been tested
using 2 different dyes (CI Acid Blue 193, CI15707 and CI
Acid Red 88). The peak value of ClI Acid Blue 193 dye that
we used was determined as 578 nm as a result of UV
spectrophotometric measurement and the peak value of CI
Acid Red 88 dye was determined as 504 nm. Measurements
were made at different dye concentrations to create a
standard curve. The decolorization percentage (%) results
were calculated using the equations obtained from the
standard curve [33]. Decolorization percentage was
calculated according to the formula below.

Decolarization percentage (%) = [AO0 (initial absorbance) —
A (Absorbance after decolarization)] / A0 x 100 [34].

2.2.4. FTIR (Fourier Transform Infrared
Spectrometer) color removal Analysis

2 mg of sample was weighed with a precision scale and 100
mg of KBr (Potassium Bromide) was added and the mixture
was crushed in a mortar and a homogeneous mixture was
obtained. This mixture was pressed into thin transparent
discs and analyzed by FTIR (SHIMADZU IRAffinity-1S)
[35]. Each new section and subsection should have a
heading consisting of an arabic numeral followed by a
period. Please a single space before and after the section
title (see this template).

3. RESULTS AND DISCUSSION

31 Morphological, physiological and biochemical
characters of isolate SA3

Isolate SA3 was observed as gram positive (Gr +) central
spore forming bacillus. Isolated colony on nutrient agar
medium showed a round, straight edges, cream color,
shiny-oil and fluff shaped colony (Figure 1). Isolate SA3
used glucose as a carbon source, where it grows very well
at temperatures between 18- 40 °C and pH values between

4.10. It has been observed that the isolate can also use
fructose, arabinose and sucrose. In this study, it was
determined that the optimum development of SA3 isolate
was 37 degrees at pH7. Therefore, decolorization studies
were carried out under optimum conditions. SA3 strain
gave positive results for catalase, NaCl, VVoges-Proskauer,
starch hydrolysis assays and negative results for the citrate
reaction (Table 2).

32. Molecular identification of SA3 isolate

3.2.1. Amplification of 16S rRNA Genes by Polymerase
Chain Reaction (PCR)

The SA3 isolate yielded by using primers 11F and 1492R
and were clearly determined to have bacteria 16S rRNA

Figure 1. Colony appearance of isolated strain SA3 on nutrient
agar (A), and microscopic appearance on 400x (B).

Table 2. Morphological, physiological and biochemical properties
of SA3 isolate

Morphological

Microscopic morphology Gr (+)
Spore Bacil
Colony color Central Cream
Physiological and biochemical properties
pH 4 +
7 +++
10 ++
Temperature (°C) 18 +
23 ++
37 +++
40 +
Sugar tests Glucose +++
Fructose ++
Arabinose ++
Sucrose ++
Biochemical tests Catalase +
Citrate
VP
NaCl

Starch hydrolysis *

(+) moderate, (++) good, (+++) very good growth

3.2.2. Sequence analysis of 16S rRNA genes

BLAST results, similarity ratio of the isolate obtained
showed that SA3 isolate belong% 100 to B. aryabhattai
(Table 3).
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Table 3. Blast result of isolate SA3

Isolate no. Length of sequence Number of matched bases Nearest in the gene bank NCBI accession no.
SA3 2134 1155/1155 % 100 Bacillus aryabhattai MK449444.1
strain SMNCH17-07
N _— 0
33. Decolorization results sl CTh e (om) o
o . . . 2 12
3.3.1. Decolorization results in solid media - 1
" 08
Growth results of the SA3 isolate in acid yellow, Acid Red 1 y= 99398+ 0013 06 y=67,12000013
88 and Acid Blue 193 dyes showed a positive result of 03 Re=0999 w Eeam
adsorption for the three dyes (figure 2). 0 0
. . 0 0005 001 0015 002 0 0005 001 0015 002
3.3.2 Determination result of the standard curve of
Cons.(mg/'ml) Cons.(mg/ml)

Acid Blue 193 and Acid Red 88 Azo dyes

The peak value of CI Acid Blue 193 and CI Acid Red 88
dyes that determined as (578 nm) and (504 nm) as a result
of UV spectrophotometric as well the measurements that
made at different dye concentrations to create a standard
curve are showed in (Figures 3 and 4)

o | \ '
(A) Adsorption on Acid Yellow media (B) Adsorption on Acid Blue
193 media and (C) Adsorption on Acid Red

Figure 2. Images of SA3 colonies formed on colored agar

Figure 3. Acid Red 88 and Acid Blue 193 dye absorbance-
concentration graph

3.3.3.  Result of decolorization in LB Medium

The decolorization (%) rate of SA3 isolate used in this
study against Cl Acid Blue 193 and CI Acid Red 88 at (578
nm) and (504 nm) respectively and at 37 °C depending on
time showed that the absorbance value of SA3 isolate
against Acid Blue 193 continuously increased in the first
96th hour. It did not increase much later. While the result of
the decolorization percentages of Acid Red 88 showed that
the absorbance value increased up to (14%) in 24 hours,
although the absorbance value increased slightly until the
216th hour (33%) (Table 4). The decolorization rate (%) of
SA3 isolate against Acid Red 88 (504 nm) and Acid Blue
193 (578 nm) dyes depending on the time is given in
(Figure 5).

Table 4. Spectrophotometer readings and decolorization rate (%) by SA3 isolate against Acid Blue 193 and Acid Red 88 dyes

Acid Blue 193 Acid Red 88
Time (hour) Readings on Dye Absorbance (%) Readings on Dye Absorbance (%)
spectrophotometer  concentration spectrophotometer ~ concentration
Control SA3 SA3 SA3 Control SA3 SA3 SA3
0.80 0.50
24 0.68 68.10 %14 0.37 25.05 %25
48 0.65 64.92 %17 0.26 17.26 %48
72 0.64 64.02 %18 0.23 15.25 %54
96 0.63 62.83 %20 0.20 13.37 %60
120 0.61 60.94 %22 0.18 12.43 %63
144 0.60 59.65 %24
168 0.56 56.17 %28
192 0.54 53.69 %32
216 0.53 52.49 %33
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Figure 6. Percentage of decolorization of Acid Red 88 and Acid
Blue 193 dye at optimum growth conditions

3.3.4. Results of color removal analysis with FTIR

FTIR analysis of isolate grown in Acid Red, Acid Blue 193
and Acid Yellow media are shown in (Table 5). Looking at
the spectrum of the isolate grown in medium containing
Acid Red 88 dye, secondary amine (N-H), (SOsNa) and

carbonyl functional group (C=0) at approximately 3400
cm?®, 1370 cm?, and 1700 cm? were observed,
respectively. Stretching peaks of (— N=N-) belonging to
azo groups were seen at approximately 1500 cm™. In
addition, stretching vibration peaks were seen for aromatic
(C—H) bonds at 1640 cm™ and 700 cm™ and (C—N) bonds at
1200 cm,

Growing in medium containing Acid Blue 193 dye showed
that the spectrum belongs to the hydroxyl functional group
(O-H), sulfonate functional group (S=0) and stretching
vibration of azo groups (—N=N-) at approximately 3300
cmt, 1373 cmt, and 1520 cm! respectively. Aromatic (C—-
H) bonds at 1640 and 700 cm™ and stretching vibration of
(C-N) bonds at 1200 cm* were observed.

In medium containing acid yellow dye, spectrum was
belongs to secondary amine (N-—H), carbonyl functional
group (C=0), azo groups (—N=N-), sulfonate (SO3Na)
functional group and aromatic (C-H) bonds at
approximately 3520 cm™,1650 cm™, 1500 cm?, 1372 cm?
and 700 cm? respectively. Stretching vibration peaks of
(C-N) bonds were seen at 1200 cm,

When looking at the spectra of the isolates interacted with
the Acid Red 88 dye (peak number 2), it was seen that the
peak of the secondary amine (N-H) disappeared at 3400
cm?, instead a wide peak of (O—H) stretching was formed.
Note that the peak intensity of the carbonyl functional
group (C=0) increased at 1700 cm™, and the peak of azo
groups (-N=N-) at about 1500 cm™ and the peak of (C—N)
bonds at 1220 cm disappeared. When compared to the
isolate control spectrum given by the number 3 in the
spectrum, it was determined that the isolate adsorbed the
Acid Red 88 dye (Figure 6).

Table 5. FTIR analysis of SA3 isolate

Acid Red Acid Blue Acid Yellow
Functional group (cm? Functional group (cm? Functional group (cm™)
Secondary amine (N-H) 3400 Hydroxyl group (OH) 3410 Secondary amine (N-H) 3400
(SO;Na) group 1070 Sulfonate group (S=0) 1064 Carbonyl group (C=0) 1650
Carbonyl group (C=0) 1700 (-N=N-) group 1520 Azo group (-N=N-) 1520
Azo group (-N=N-) 1500 Aromatic bonds (C-H) 1649-700 (SO;Na) group 1068
Aromatic bonds (C-H) 1640-700 (C-N) stretching 1396 Aromatic bonds (C-H) 1640-700
(C-N) stretching 1220 (C-N) stress vibration 1276

(SIS SRS B TE, e

3500 3000 2500 2000

i

3
1750

500
cm-1

1500 1250 1000 750

Figure 6. FTIR analysis of SA3 isolate Acid Red 88 (product) dye, (1) Acid Red 88, (2) Acid Red 88 dye adsorbed by the isolate (3)
isolate itself
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When looking at the spectra of the isolates interacted with
Acid Blue 193 dye (peak number 2), the increase in the
intensity of the peaks of 3410 cm™ dehydroxyl functional
groups (O-H), the formation of new peaks of the carbonyl
functional group (C=0) at 1649 cm™ were observed.

It was also observed that the peak of azo groups (—-N=N-) at
approximately 1520 cm™ and the peak of (C—N) bonds seen
at 1064 cm? disappeared. When compared to the isolate
control spectrum given by number 3 in the spectrum, it was
determined that the isolate adsorbed the Acid Blue 193 dye
(Figure 7).

When looking at the spectra of the isolates interacted with
the Acid Yellow dye (peak number 2), it was seen that the
peak of the amine (N-H) at 3400 cm™? disappeared and
instead a wide peak of the hydroxyl functional group (O-H)
was formed.

The intensity of the peak of the carbonyl functional group
(C=0) increased at 1650 cm%, and the disappearance of the
peaks of the azo functional groups (—-N=N-) at about 1520
cm?® indicated that the azo bonds were broken and
interacted with the isolate from here. Again, looking at the
spectrum, it was noteworthy that the stress vibration band
of the C-N bonds seen at approximately 1068 cm™*
disappeared. When compared to the isolate control
spectrum given by the number 3 in the spectrum, it was

determined that the isolates adsorbed the Acid Yellow dye
(Figure 8).

4. DISCUSSION AND CONCLUSION

Wastewater of textile factories is released to the nature
containing many toxic materials and dyestuffs including
azo dyes which considered as harmful synthetic compounds
[36]. Toxicity of azo dyes is attributed to their chemical
composition which contains

—N=N-bond besides the presence of aromatic rings which
gives these dyes strong persistency in nature particularly in
the water ecosystem [37,38].

Due to cost effectiveness and environmentally friendly
approaches, microbial processes have been chosen to
reduce the damage to humanity. Bacillus sp. is a remarkable
bacterium with a high potential to produce various
metabolites in different uses, it has been investigated
whether they can potentially degrade crystal violet dye at
different concentrations and time intervals. Fewer studies
have reported that Bacillus species collected from textile
industry wastewater can break down crystal violet dye used
in these industries [39].

L
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Figure 7. FTIR analysis of SA3 isolate and Acid Blue 193 (product) dye, (1) Acid Blue 193, (2) Acid Blue 193 adsorbing by the
isolate), (3) isolate itself
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Figure 8. FTIR analysis of SA3 isolate and Acid Yellow (product) dye, (1) Acid Yellow, (2) Acid Yellow adsorbed by the isolate,
(3) isolate itself
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Recently, an interest towards Bacillus aryaphattai has been
increased noticeably. Recent articles reported to the wide
characters and abilities of novel strains belong to this
bacterium. In our study SA3 strain which belongs to B.
aryaphattai found to grow very well at (18-22) °C and the
best growth value was in range between 37-40 °C. This
result reveals the ability of this bacterium to live under a
wide range of temperature. This can go with the findings
that indicated to the ability of this bacterium to grow in
different environments such as the stratosphere layer at an
elevation between 27 and 41 km [17], the soil of Tibet at
the elevation of 4123 m [40], the agricultural soil in India
[41], and rhizosphere soil in South Korea [42,43].

Varieties in biochemical reactions have been observed also,
since in our study SA3 strain revealed + result to Voges—
Proskauer which is similar to B. aryabhattai EF 114313T,
from Shivaji et al. (2009) which isolated from Upper
atmosphere [17], but different from B. aryaphattai P1
isolated from poultry farm soil and from Bacillus
aryabhattai FACU isolated from agroindustrial zone which
found negative to Voges—Proskauer [44,45]. Evaluation of
B. aryabhattai in degradation of pollutants including dye
stuffs has been reported but in limited studies. This
bacterium with its efficient enzymes was described as a
multi-functions bacterium. It has been recommended in
using for industrial purposes as a converter of
lignocellulosic wastes into by products, a biodegrader of
textile dyes and also as a biotransformer of effluents
phenolics into add-value flavors and aromas [28,46,47].
Recent study proposed the usage of B. aryabhattai FACU3
as a bioremediater of glyphosate in pollutant sites [45].

Certain strains of B. aryabhattai has been tested against
different types of dyes. These dyes included Direct Red-81
(DR-81) and Direct Orange-34 (DO-34) [44], Coomassie
Brilliant Blue G-250 (CBB), Indigo Carmine (IC) and
Remazol Brilliant Blue R (RBBR) [48], chrysoidine G, acid
orange 74, carmine, crystal violet, etythrosine, reactive blue
19 and adizol black B [49]. Some studies reported that
certain enzymes of B. aryabhattai found to be involvement
efficiently in decolorizing of azo dyes [49,50].

The application of live cells is highly advantageous as both
biosorption and biodegradation mechanisms may occur,
often leading to enhanced dye removal. But the
decolorization time will be long. Rapid decolorization of
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ABSTRACT

The fibre characteristics of fleece determine its fate through the textile industry. Parameters such as
diameter, length, elasticity and strength define the functional quality of fleece. Therefore, the aim of
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the present study was to investigate effects of different environmental factors as well as wool mineral
contents on fleece fibre quality traits in Central Anatolian Merino sheep (CAM). Additionally, the
mineral contents of CAM fleece were investigated. For this purpose, 300 samples were equally
collected from 3 different body regions (shoulder, rib and rump) of 100 animals from five different

age groups. Samples were analysed for fibre quality (diameter, length, elasticity and strength) traits
and mineral contents (calcium, iron, potassium, magnesium, copper, manganese and zinc). A wide
range of statistical relationships were found among the focused traits and those factors. The findings
of this study highlight the importance of minerals as well as environmental factors on fleece

qualityparameters.

1. INTRODUCTION

Historical use of natural fibres in textile, with the purpose
of clothing and protection from severe natural conditions,
was recently found to be dating approximately 170.000
years ago and the fibre from the various breeds of sheep
(wool) is by far the most commonly-used animal fibre [1,
2]. However, recent sustainability concerns rendered yield
and quality to be the two major components of the fibre
production for textile purposes. Furthermore, organic fibre
production, as a recently focused concept, promotes the use
of natural fibres in clothing sector [3]. When the countries
producing fleece that is suitable for textile industry are
examined, Australia appears to be the major fleece
producing country with 24 % of the global fleece
production, while China, New Zealand and South Africa
follows with 15 %, 10 % and 2.6 %, respectively [4].

KEYWORDS

Central Anatolian Merino,
sheep, wool quality, minerals,
environmental factors.

As it is widely known, most of the global wool production
is sourced from Merino sheep and its crossbreds [5].
Additionally, Merino is considered among the primary
sheep breeds that is meeting the fibre quality demands of
the textile industry [6]. Merino, with a population size of
approximately 3 million of animals and 9453 tonnes of
wool produced, is among the major sheep breeds of Turkey
that extensively contributes overall meat and fleece
production [7]. Crossbreeding Merino with an indigenous
sheep breed is currently a popular approach to utilize its
productivity as well as fibre quality while increasing the
adaptive capacity of the crossbred [5, 8, 9]. It is also
expected that the fleece to demonstrate uniformity among
different body parts. However, several studies focused on
various species previously showed that body parts have
significant differences regarding fibre characteristics [10-
12].

To cite this article: Behrem S, Keskin M, Giil S,Unay E,Erisek A. 2022. Effects of age, body region and mineral contents on the
fleece characteristics of Central Anatolian Merino sheep. Tekstil ve Konfeksiyon 32(2), 108-114.
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The fibre characteristics of fleece determine its fate through
textile industry. Parameters such as diameter, length,
elasticity and strength define the functional quality of
fleece. Particularly, fibre diameter and length are important
factors affecting industrial processing of fleece for textile
usage [13]. On the other hand, elasticity and strength are
the other factors which alter the efficiency of production as
well as the lifespan of the final product [14, 15].

There are several factors contributing fleece yield, quality
and uniformity in sheep such as genetic, age, breed, body
parts and content of feed [10, 16 ,17]. For example, the lack
of zinc, copper and amount of mineral matter negatively
affects the length and fineness of the fleece. [18-20].

Therefore, the aim of the present study was to investigate
the effects of different environmental factors as well as
wool mineral contents on fleece fibre quality traits in
Central Anatolian Merino sheep. Additionally, the
descriptive characteristics of mineral contents of Central
Anatolian Merino fleece were determined.

2. MATERIAL AND METHOD
2.1 Material

Animal procedures were approved by the International
Centre for Livestock Research and Training Research
Animal Care and Use Committee (29.11.2016/2787-131).
The study was carried out on 100 Central Anatolian Merino
sheep. It is a crossbred of German Mutton Merino and
Akkaraman (White Karaman) sheep, owned by the farmer
under the National Community-Based Small Ruminant
Breeding Programme in Ankara, Turkey. In total, 300
samples were equally collected from 3 different body
regions (shoulder, rib and rump) of 100 animals which
belong to five different age groups. 25-50 gr fleece samples
were collected from each body region (shoulder, rib and
rump) of animals by shearing machine. As routine
management practice, the animals used in the study and all
other animals in herds are sheared once a year in June.
Further details on the study population were given by [21].

2.2 Method

The fleece samples were analysed for fibre quality traits
and mineral contents in the laboratories of the International
Center for Livestock Research and Training. The fibre
diameter and length measurements were implemented on
OFDA 100 [22]. The analysis of fibre length; the fibres
were first aligned and straightened from the one end and
placed into the OFDA 2000 device and automatically
measured by the optical measuring tool of the instrument in
millimetres (mm) [23, 24]. The fibre elasticity and strength
were measured on the FAFEGRAPH METM (Textechno,
Moenchengladbach, Germany) instrument. Finally, calcium
(Ca), iron (Fe), potassium (K), magnesium (Mg), copper
(Cu), manganese (Mn) and zinc (Zn) contents were
determined using atomic absorption  spectroscopy.
Additionally, the information on body regions (shoulder,
rib and rump) and age were recorded as categorical

variables. Animals were categorized by age in five groups
as 1 (<6-month), 2 (12-18-month), 3 (18-30-month), 4 (30-
42-month) and 5 (>42-month).

Statistical Analyses

The descriptive statistics were obtained and presented in
Tablel. To estimate the effect sizes of different
environmental factors, multiple univariate linear regression
analyses were performed for each trait. Subsequently,
Duncan’s Test were implemented to those significant
categorical variables to obtain multiple comparisons among
groups [25]. Lastly, Pearson’s correlations were obtained
between the traits. All statistical analyses were performed
using the base packages of R statistical environment [26].

The outliers of the variables (i.e. values exceeding mean +
3 x standard deviation) were checked. Primarily, the effects
of different environmental factors and covariates were
tested to build final linear model with all significant effects
for each trait. Subsequently, the linear regression models
were fitted with relevant significant factors and covariates
to estimate the effect size of body region, age groups, Ca,
Fe, K, Mg, Cu, Mn and Zn on diameter, length, elasticity
and strength. Normality of the traits were tested with
Shapiro-Wilk test. Furthermore, homogeneity of variance
was visually inspected by plotting residual vs fitted values
of the traits. The linear regression model descriptions for
responses are given below:

Model; yijk =p + ai + ¢j + bijk X + eijk

Where yijk are the observations of the dependent variables
(i.e., fibre diameter, length, elasticity and strength); p is the
intercept; ai is the effect of age groups (5 levels); cj is the
effect of body regions (3 levels); bijk is the regression
coefficient of independent variables (mineral contents); X
is the incidence matrix of fixed effects; and eijk is the
residual error of observations in the models.

3. RESULTS AND DISCUSSION

In this study, the characteristics of fleece minerals and the
effects of age, body region and fleece mineral contents
were investigated on the fibre quality traits of Central
Anatolian Merino sheep. With this purpose, regression
based statistical analyses were conducted. The responses
were checked for the outliers which were removed from
further analyses. Descriptive statistics for fibre diameter,
length, elasticity, strength and the mineral contents are
presented in Table 1. The responses were normally
distributed and showed homogenous variance. During the
models building stage, all interactions between independent
variables were checked and no interaction was found. After
the preliminary significance testing, those significant
effects suggested in Table 2 were used to build final models
for each trait. Accordingly, full models explained 0.21,
0.60, 0.11 and 0.16 of the total variances presents in the
fibre diameter, length, elasticity and strength respectively.

The difference between each group for each dependent
variable was determined by regression analysis and this
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difference was given as effect size in Table 2. The effect
sizes obtained in the regression analysis define the
difference between groups when all other fix factors in the
model are zero. Studies regarding estimation of the effect
sizes for age, body region and mineral contents on fibre
quality parameters were extremely scarce in the literature,
which nominates our study among the very first studies
regarding the topics. Therefore, the effect sizes found in our
study were evaluated against various correlations and least
square estimates of comparable studies where appropriate.

3.1 Fleece Mineral Contents

The relevant descriptive statistics were presented in Table
1. The mean Ca content of fleece in the study was found to
be 550.40 mg/kg. It Fe content of fibre varies from 13.60
mg/kg to 52.8 mg/kg [30, 31]. The mean Fe content of
fleece in this study was found to be 29.34 mg / kg. This
falls within the range provided by previous studies. On the
other hand, K contents from previous studies were found
between 204 and 2499.2 mg/kg [19, 32, 33]. Similarly, the
mean K content of fleece in our study drop within this
range with 392.16 mg / kg on average. The reports show
that Mg content of fleece in sheep has a wide range of 47.8-
590.8 mg / kg [19, 32, 33]. In our study, the mean of Mg
content was 221.16 mg/kg. The content of Cu and Zn were
3.79 mg/kg and 82.90 mg/kg, respectively. Various studies
reported Cu and Zn contents ranging between 1.70 - 25
mg/kg and 18.3 - 336.9 mg/kg respectively, which are
consistent with this study [30, 34-36]. Lastly, the content of
Mn was found to be 27.61 mg/kg. Previously, studies
reported Mn contents higher than [27] and slightly lower
than [19] our findings.

The reference range of the mentioned minerals were
observed to be extremely varying among different studies.
Possible reasons for these discrepancies were suggested to
be the condition of pasture (i.e., soil, plant) and the feed
type which are known as significantly effective on the
mineral content of fleece [16]. Accordingly, the mineral
content of fleece is observed in a wide spectrum as seen in
our study and previous studies.

3.2 Fibre Diameter

In the study, the mean fibre diameter was found as 24.18
um, which is well suited for textile industry since it is

slightly below than the commonly accepted threshold of
24.6 um [3]. In Karacabey Merino sheep, Atav et al. [9]
reported that the mean of wool diameter as

28.67 pm which is higher than our result. However, the
study conducted on Saxon Merino sheep and Anatolian
Merino sheep (i.e., Central Anatolian Merino), the fibre
diameters were found respectively, as 18.8 pm and 20.08
pum which is significantly lower than our study [37, 38].

The linear regression model was fitted for fibre diameter
and the effect of age, body region, Zn content were found
to be significant (p- value <0.05). The effect size of age
groups was presented on Table 2. According to the results,
the intercept for the model was estimated as 23.26 + 0.33
um and the effect sizes of 2., 3., 4. and 5. age groups were
0.96 + 0.41, 0.47 + 0.37, 0.94 + 0.38 and 1.31 + 0.40 um
respectively. The differences between 1-4 and 1-5 groups
were found statistically significant (p-value<0.05). The
detailed information of  multiple comparisons was
presented in Table 3. The study conducted by Atav et al.
[9] reported that the fibre diameter of younger (0-2 ages)
animals is coarser than the elders (above 2 ages). The
results of this study correspond to the results of our study.
Generally, studies suggest that age significantly affects
fibre diameter and increasing age leads to the increased
fibre diameter [39].

The effect size of the body regions was estimated and
according to the results, the diameter of samples taken from
rump was 1.97 = 0.30

pm higher than the samples taken from shoulder and rib
(See Table 2). As shown in the Table 3, while the
differences between shoulder- rump and rib-rump were
significant (p-value<0.05), the difference between shoulder
and rib was not significant. The study conducted on
Karacabey Merino sheep found shoulder, rib and rump
fibre diameters of 28.46, 28.19 and 29.33 um respectively
[10]. Similar with the current study, the coarser fibre
diameter was found for rump and the thinner were found
for shoulder and rib. Additionally, a previous study
implemented on Anatolian Merino sheep found that the
fibre diameter of rump to be coarser the other regions [40].

Table 1. Descriptive statistics of the variables.

Variables N Mean sd Minimum Maximum
Diameter (um) 295 24.18 2.29 19.21 31.01
Length (cm) 299 6.04 1.67 2.50 10
Elasticity (%) 292 2452 6.44 6.28 4212
Strength (cN) 286 16.48 477 8.17 31.77
Ca (mg/kg) 300 550.40 204.22 122.16 1067
Fe (mg/kg) 196 29.34 25.95 3.40 271.60
K (mg/kg) 299 392.15 4.29 6.93 2945
Mg (mg/kg) 300 221.16 91.27 70.32 476.80
Cu (mg/kg) 288 3.79 3.03 0.60 25.70
Mn (mg/kg) 299 27.61 17.43 0.38 52.93
Zn (mg/kg) 294 82.90 68.80 9.80 383.60

Notes: N=number of observations; SD=standard deviation.
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Of the minerals, only Zn was found to be effective on the
diameter (p-value<0.05). Results suggests that an increase
of one mg Zn in fleece was estimated to decrease 0.005
um of fibre diameter. The thinner fibre is more demanded
for the textile sector and a higher quality woven product
is obtained with thinner fleece. In this context, the increase
in the Zn content in the fleece reduces the thinness of the
fleece and provides a positive effect on the fleece quality.
Conversely, the study conducted on Merino sheep the
correlation between amount of zinc in fleece and the fibre
diameter was 0.68. Furthermore, Zn supplementation to feed
was also found to be effective on fibre diameter in the
same study. The finding of the study showed that the sheep
with additional Zn had higher than control groups [41].

The correlations between the fibre diameter and other quality
parameters are presented in Table 4. The correlation between
the fibre diameter-length and the fibre diameter-strength
were found to be significant (p-value<0.05). Moreover, the
correlation values were 0.09 and 0.41, respectively. The
correlation between fibre diameter and elasticity was not
statistically significant. In a previous study, the correlation
between the fibre diameter-length, diameter-elasticity and
diameter-strength were found to be 0.54, -0.55 and -0.50,
respectively in Merino sheep [40]. However, it is important
note that the sample size of that study was significantly lower
than our study.

3.3 Fibre Length

Descriptive statistics for the fibre length are presented in
Table 1. The findings showed that the effects of age, body
region, Fe, Mg and Zn on the fibre length were significant
(p-value <0.05). The mean of the regression model fitted
for length was calculated as 4.18 = 0.30 cm. Further, the
effect sizes of the 2., 3., 4., and 5. age groups were 3.92
+ 0.25, 241 + 0.24, 297 + 0.24 and 2.60 = 0.24 cm,

respectively. The multiple comparisons among the groups
were presented in Table 4. The difference between group
1 and the other groups were found to be significant (p-
value <0.05). Similarly, the difference between group 2
and the other age groups are significant (p-value <0.05).
However, the difference between the age group 3, 4 and 5
were observed to be statistically insignificant. The group 1
had shorter length and group 2 had longer fibre length.
This is probably due to the fact that while shearing is done
every 12 months in adult animals (group 3, 4 and 5), this
period is limited to a maximum of 6 months in group 1
(lambs) and prolonged to 18 months in group 2
(yearling). In the study of Atav et al. [9], the fiber lengths
were longer than the current study, but the differences
between the age groups were significant as similar to our
study. Likewise, they found that the younger animals had
longer fiber than the elders. The possible reason of the
different fiber length between the study of Atav and our
study may be different genotype and environment.

The effect sizes of the body regions on length were found
as 0.23 £ 0.17 and 0.49 = 0.19 cm for rib and rump,
respectively, while the intercept was 4.18 = 0.29 cm. On
the other hand, the difference between shoulder and rump
was significant (p-value<0.05), whereas, the difference
between shoulder-rib and rib-rump was not significant.
The length of fibres was found to be 9.10, 8.92 and 8.67
cm for shoulder, rib and rump, respectively. Similar with
our study, the differences between shoulder and rump was
found to be significant whereas, the differences of
shoulder-rib and rib-rump were not found to be significant
in a recent study [10]. In another study implemented on 18
months-old female sheep, the fibre length were 4.77, 4.83
and 4.72 cm for shoulder, rib and rump, respectively and
the differences among groups were not significant [40].

Table 2. The summary of the sample size, effect sizes and relevant p-values for the analysed traits

- Diameter Elasticity Strength

Fixed Effects (um) Length (cm) (%) (cN)

Effect size Effect size Effect size Effect size

N L SE PN ©SE PN +SE PN L SE P
Age (year) 299 e 299 **% Q) xk D02 NS
1 (0-6 month) 60 60 58 58
2 (12-18 month) 60 0.96+0.41 60 3.92+0.25 59  2.28+l.15 59 NG
3 (18-30 month) 60 0.47+0.37 60 2.41+0.24 59 4.80+1.12 59 NG
4 (30-42 month) 59 0.94+0.38 59 2.97+£0.24 57 3.20+1.16 55 NG
5 (>42 month) 60 1.31+0.40 60 2.60+0.24 59 4.55+1.17 59 NG
Body regions
Shoulder 100 haiad i - NS wxx
Rib 100 0.005+0.29 0.23+£0.17 2.03+0.89 0.65+0.65
Rump 100 1.97+0.30 0.49+0.19 -1.04+0.90 3.39+0.70
Minerals
Ca (mg/kg) 300 NG NS 300 NG NS 300 NG NS 300 NG NS
Fe (mg/kg) 196 NG NS 196  0.013+0.004 ** 196 NG NS 196 0.04+0.01 *x
K (mg/kg) 299 NG NS 299 NG NS 299 NG NS 299 NG NS
Mg (mg/kg) 300 NG NS 300  -0.003+0.001 * 300 NG NS 300 -0.01+0.004 el
Cu (mg/kg) 288 NG NS 288 NG NS 288 0.29+0.12 * 288 NG NS
Mn (mg/kg) 299 NG NS 299 NG NS 299 NG NS 299 NG NS
Zn (mg/kg) 294 -0.005+0.001 el 294 -0.003+0.001 kel 294 NG NS 294 NG NS
Intercept 23.26+0.33 Fkk 4.184+0.29 faiaiel 20.07£1.06  *** 17.27+0.96 faiaiel
Adj. R-squared 0.18 il 0.59 ool 0.11 il 0.16 il
Notes: SE = standard error; N=number of observations; ***p <0.001; **=p < 0.01; *= p < 0.05 NS= not significant, NG=not given.
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Table 3. Multiple comparison of age and body region groups (LSM = SE)

Groups Diameter (um) Age (months) Length (cm) Strength (cN)
Elasticity (%)
1 (0-6 month) 23.60 +0.29P 3.73+0.09 21.47 +0.86° 16.04 = 0.60
2 (12-18 months) 24.27 +0.273D 7.25+0.162 23.97 £0.748 14.59 + 0.49
3 (18-30 months) 23.98 + 0,270 6.04+0.13° 26.30 +0.912 15.73+0.53
4 (30-42 months) 24.41 + 0,320 6.50 +0.18° 24.66 + 0.812 16.51 +0.59
5 (>42 months) 24.61+0.322 6.09 +0.14P 26.04 +0.748 15.90 + 0.65
Body Regions
Shoulder Rib 23.56 + 0.222 5.69 +0.162 24.17 +0.65P 14.34+0.38P
Rump 23.51+0.220 5.93 +0.1680 26.33 +0.682 15.21+0.38P
25.81 +0.24P 6.16+0.170 22.95 +0.58P 17.50 + 0.432

Notes: SE = standard error.

On the other hand, the regression coefficients of Fe, Mg and
Zn contents on the fibre length were found as 0.013 + 0.004,
-0.037 £ 0.001 and -0.003 + 0.001 cm, respectively. In other
words, one-unit increase in Fe content in fleece provides
0.013 cm increase in fibre length, while one-unit increase in
Mg and Zn provides a decrease of 0.037 and 0.003 cm,
respectively. In brief, the effect of Fe on the fibre length was
favourable, however, the effect of Mg and Zn were negative.
The correlation between fleece Zn content and the fibre
length was to be 0.60 in Merino sheep [41]. The correlation
between fibre length-diameter and the fibre length-elasticity
was found to be significant (p-value<0.05) and was 0.12 and
0.22, respectively. The correlation between fibre length and
strength was not found to be significant. On the other hand,
they were found as 0.54, -0.11 and -0.30 for length-diameter,
length-elasticity and length-strength, respectively in the
study of [41]. Unfortunately, no study has been encountered
for the effect of Fe and Mg on fibre quality.

3.4 Fibre Elasticity

Descriptive statistics of the fibre elasticity is presented in
Table 1. In the fitted linear model, age, body regions and
Cu were found to be significant (p-value<0.05).
According to the results illustrated in Table 2, the
intercept of the model for elasticity was 20.07 = 1.06%.
The effect sizes of age groups were found to be 2.28 +
1.15, 4.80 + 1.12, 3.20 + 1.16 and 4.55 + 1.17% for 2., 3.,
4., and 5. age groups respectively. The comparative results
of the difference between groups are shown in Table 3.
According to these results, the difference between the
group 1 and the others were found to be significant (p-
value <0.05). However, no statistically significant
difference was found among the other groups. The mean
of fibre elasticity according to age group were found to be
19.42, 20.78 and 21.11% for 0-2, 2- 4 and 4-6 years,
respectively in the Karacabey Merino sheep and the
differences among the groups were not to be significant
[10]. Another study conducted on Karakul sheep, the
fibre elasticity was found to be 36.67, 37.68 and 37.62%
for male lambs, yearling and ewes, respectively [42].
These finding were significantly higher than our study.

On the other hand, the effects of different body parts were
2.03 + 0.89 and -1.04 + 0.90% for rib and rump.

Surprisingly, there was no difference between shoulder
and rump in body regions, while the difference between
shoulder-rib and rib-rump was significant (p-values

<0.05). [10] reported that the fibre elasticity for shoulder,
rib and rump were 20.30, 18.78 and 22.22%, respectively.
They found that shoulder-rib and shoulder-rump was not
significant, while rib-rump was significant. Besides, [40]
showed that shoulder, rib and rump were 28.72, 26.90
and 26.43%, respectively. In the study, only the
significances between shoulder and other region were
significant.

Among the minerals used in the study, only Cu was found
to be statistically effective (p<0.005) and was added to the
fitted model as covariate variable. The regression
coefficient of Cu content of fleece was found as 0.29 +
0.12. The amount of one-unit increase of the Cu element
in the fleece results in 0.29 % of increases on the elasticity
of the fleece. In other words, the increase in Cu level in the
fleece provides a positive effect on the elasticity
characteristic. The correlation between elasticity and other
quality features are seen in Table 4. Previous research has
illustrated the significant effect of Cu on the hair growth
in sheep [18]. As expected, a negative relationship was
found between fibre diameter and elasticity (-0.08), but
this relationship was not statistically significant. On the
other hand, a positive direction (0.23, 0.22), respectively
and a statistically significant relationship was found
between fibre elasticity-length and fibre elasticity-strength
(p-value <0.05). Moreover, in a previous study the
correlation between elasticity-diameter, elasticity-length
and elasticity-strength were reported as -0.11, -0.55 and
0.44, respectively [42].

3.5 Fibre Strength

The body region, Fe and Mg were found to be effective on
the strength where no significant effect was detected for
age. The mean of the model is 17.27 + 0.96 and the effect
sizes of the body regions are 0.65 + 0.65 and 3.39 + 0.70,
respectively (Table 2). In the multiple comparison of the
groups, there was no significant difference between
shoulder and rib, but the difference between shoulder-
rump and rib-rump were significant (p-value <0.05).
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Table 4. Below the diagonal shows the correlations of the traits and above the diagonal shows p-values

Correlations/ Traits Diameter (um)

Length (cm) Elasticity (%) Strength (cN)

Diameter (um)

Length (cm) 0.09
Elasticity (%) -0.08
Strength (cN) 0.41

*% *k*k

NS

*kk

*kk

0.23

-0.001 0.22

NS, not significant; ***=p<0.001; **=p < 0.01; *=p < 0.05

The regression coefficients of Fe and Mg in fleece were
found to be 0.04 + 0.01 and -0.01 + 0.004, respectively,
which means that an increase of one-unit in the amount of
Fe in the fleece resulted in 0.05 cN increase in fibre
strength. However, the same is not true for Mg, one-unit
increase in the amount of Mg resulted in -0.01 cN a
decrease in fibre strength. The correlations for fibre
strength-diameter,  strength-length and strength-elasticity
were found to be 0.41, -0.001 and 0.22, respectively. While
the correlation between fibre strength- diameter and fibre
strength-elasticity were found significant (p-values <0.05),
the relationship between strength and length was found
insignificant. The study of [40], the correlation was found
to be -0.50, -0.30 and 0.44 for strength-diameter, strength-
length and strength- elasticity respectively.

4. CONCLUSION

In this study, the relationship between environmental
factors such as age, body region and fleece mineral
contents and the fleece characteristics were investigated
in Central Anatolian Merino sheep. Furthermore, amount
of various macro- and microelements in fleece were
characterized. A wide range of statistical relationships were
found among the focused traits and those factors. Finding of
this study highlights the importance of minerals as well as
environmental factors on fleece quality parameters.
Therefore, the results of our study have a wide range of
implications regarding various disciplines such as herd
management and textile industry.
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ABSTRACT

In this study, it was investigated the coating of cotton fabric with huntite-hydromagnesite (HH) or
ammonium polyphosphate (APP) solutions as anionic layer and chitosan solutions and nanosols as
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cationic layer by layer-by-layer (LBL) assembly to gain flame retardancy and antibacterial properties.
Growth bilayer number, drying conditions and anionic layer type (HH or APP) affected the flame
retardancy and antibacterial properties of coating with LBL assembly. 17% and 22% reduction in the

peak heat release rate and 69% and 87% reduction in total smoke release and 26% and 14% reduction
in mass loss rate were observed for fabric samples coated with AP solutions for 15 layers with drying
after every dipping process (AP15DE) and fabric samples coated with HH solutions for 15 layers with
drying after every dipping process, (H15DE) respectively. Thermogravimetric analysis revealed that
the residual chars at 600 oC in air increased. The AP15DE exhibited the antibacterial activity against
E. coli and S. aureus while H15DE displayed the antibacterial activity against only S. aureus.

1. INTRODUCTION

Cotton fabric as a type of the most popular natural fibers
have been widely used applications in apparel, home
textiles, medical textiles, military textiles and industrial
textiles due to their excellent properties such as dyeability,
hydrophilicity, hygroscopicity, biocompatibility,
breathability, comfortableness, warmth retention. However,
they suffer from their flammable nature with low oxygen
index and ignition temperature, which restricts their
application. Meanwhile they ensure living condition for the
growth of bacteria due to their hydrophilic and porous
surface and affects the health of wearers [1]. Therefore, the
manufacture of multifunctional cotton fabrics with
antibacterial and flame retardant properties recently attracts
great interest.

KEYWORDS

Huntite-hydromagnesite;
ammonium polyphosphate;
flame retardancy; antibacterial;
layer-by-layer

Huntite (MgsCa(COs)s) and hydromagnesite (Mgs(COs)
4(OH),.4H,0) mixture as flame retardant agent exhibit the
endothermical decomposition between 200 and 400 oC and
releases water vapor and/or carbon dioxide, which gives
rise to fall down of temperature, the dilution of flammable
gases and isolation of flame [2-5]. APP as an acid source
would collaborate with fabric with necessity additional
carbon source such as chitosan to improve the efficiency.
Cationic chitosan in acid solution could be paired with
anionic APP solution by LBL assembly. Chitosan with
nitrogen content and APP with intumescent nature improve
the flame retardacy properties of treated materials [6].
Coatings with silica based nanosols could ensure fire
protection by forming inorganic barrier. Silica together with
nitrogen-based compounds could catalyze the dehydration
and carbonization of substrate and decrease the amount of

To cite this article: Onar Camlibel N, Kog E. 2022. Flame retardant and antibacterial coating on cotton fabric by layer-by-layer
assembly with huntite-hydromagnesite, ammonium polyphosphate, chitosan and aptes. Tekstil ve Konfeksiyon, 32(2), 115-125.
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combustible gases [7, 8]. HH, APP, chitosan and silica
instead of halogenous flame retardants with harmful and
toxic effects could be proposed as alternative, sustainable
flame retardant agents for cotton fabrics.

Various processes such as plasma, microcapsule and UV-
curable flame retardant coatings have been improved and
studied by most researchers to decrease the combustibility
of cotton and/or to achieve its antibacterial activity. But the
physical or chemical processes have caused to more
difficulties in their industrial applications and/or
environmental pollutions. Recently, LBL assembly
technique as environmental friendly, simple and low cost
due to being water-based technique were investigated to
develop multifunctional cotton fabric in academic area and
industrial application. The technique is regularly alternating
physical deposition of negatively and positively charged
nanoparticles or polyelectrolytes on various substrates such
as textile fabric. Various flame retardant and antibacterial
coatings were applied to textiles with LBL assembly by
means of its multiple performances by combining different
molecules.

Nonhalogenated flame retardants containing nitrogen,
phosphorus and silicon compounds have been researched
widely to develop the flame cotton fabrics [9, 10]. Huntite-
hydromagnesite [11], APP [6,12-17], chitosan [6,12-
15,20,18-26], silica based materials [12,13,25,27-31] were
researched to gain flame retardant or antibacterial
properties for various textiles by LBL assembly. There are
some reports on multifunctional assembly coatings on
textiles with flame retardancy and antimicrobial property
[1,30,32-37]. The introducing of huntite-hydromagnesite
together with APP, APTES and chitosan as antibacterial
and flame retardant agent by LBL assembly has not been
reported.

In our study, it was recently investigated characterization
and manufacturing of flame retardant and antibacterial
cotton fabric via layer-by-layer assembly. Anionic charged
huntite-hydromagnesite  or ammonium polyphosphate
solutions and cationic charged chitosan and silica based
nanosols has been prepared and coated with 5, 10 and 15
bilayers, substantially. Phosphorous (APP) or CaO and
MgO (HH) and silica (GPTMS and APTES), nitrogen
(APP, APTES and chitosan) synergism was researched and
compared. The cotton fabrics by LBL assembly were
structurally characterized by SEM, elemental analysis and
FTIR-ATR. Textile characteristics were determined by add-
on value, whiteness, tensile strength, elongation. The flame
retardancy and thermal behavior of the cotton fabric treated
by LBL were studied by limit oxygen index, vertical flame
retardancy, cone calorimetry and thermogravimetric
analysis (DTA-TG). The antibacterial activity of the fabrics
by treated by LBL were measured by bacterial reduction
against E. coli as gram-positive bacteria and S.aureus as
gram-negative bacteria.

MATERIAL AND METHOD
2.1 Material

Scoured and bleached cotton fabric (plain weave, 118 g/m?,
32 ends/cm, and 22 picks/cm) was used in this research. All
chemicals used were of reagent grade. Huntite-
hydromagnesite powder (HH, Ultracarb 1250) was supplied
from Setas Company, Turkey. Ammonium polyphosphate
(APP) were provided by Tecnosintesi SPA, Italy. (3-Amino
propyl) triethoxy silane (APTES, Sigma-Aldrich,
Germany), (3-Glycidyloxy propyl) trimethoxy silane
(GPTMS, Merck KGaA, Germany), chitosan (Mw:50000
Da, the degree of deacetylation: 93.2%, Merck KGaA,
Germany), sulphuric acid, glacial acetic acid and sodium
hydroxide were used for preparation of solutions in layer by
layer coating. GPTMS precursor due to high crosslinking
effect to improve coating durability and silica content to
develop their flame retardancy and APTES due to silica and
ammonium content were utilized to enhance their flame
retardancy and antibacterial properties. Tecnosintesi APP is
an effective flame retardant with 72.5% of phosphorus
content (as P20s), low water solubility and 15 pm of
average particle size. The APP is proper for solvent and
water based intumescent coatings.

2.2 Method

Nanosol (CA) containing APTES (ag. 5 w/v%) and
GPTMS (ag. 1 v/iv%), chitosan ag. solution (CC), huntite-
hydromagnesite (ag. 1 w/v%) (AH) and ammonium
polyphosphate (ag. 0.2 w/v%) (AA) solutions were
prepared and their pH values respectively adjusted to 3.4,
3.5 and 11 with sulphuric acid, glacial acetic acid and
sodium hydroxide. AH and AA solutions stirred for 1 hour
on magnetic stirrer. The fabric samples were first dipped
into cationic solution called CA code containing APTES
and GPTMS aqueous solutions for 30 min, rinsed (30 sec)
and dried an oven at 100 °C for 15 min. Then the treated
fabrics were dipped into anionic solutions called AH or AA
codes containing HH or APP aqueous solutions. The fabric
was dipped to each solution during 5 min for first layer and
1 min for later layers, rinsed and dried at 100 °C for 15 min.
One bilayer (BL) including one cationic and one anionic
layer on cotton fabrics was gain in the all assembly cycle
process. The first BL was composed of cationic solution
containing nanosol (CA code) and anionic solution (AH or
AA codes) and the second BL was formed from cationic
solution containing chitosan (CC code) and anionic solution
(AH or AA codes). The fabric was alternately dipped into
anionic and cationic solution until the planned number of
bilayers on fabrics was reached [25]. The interactions of
cationic and anionic charged chemicals with cellulose were
schematically illustrated in Figure 1. Firstly, APTES and
GPTMS were reacted with hydroxyl groups on cellulose by
hydrolysis and condensation reaction. Then APP, HH and
chitosan could be bonded by electrostatical interactions to
fabric.
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Figure 1. Schematic presentation of interaction of anionic and cationic charged chemicals with cellulose

In the study, experimental parameters were the type of
anionic solution, the presence of drying step after every
coating and the number of bilayers. The fabrics were dried
at 100 °C for 15 min after every dipping process (DE) or
only last dipping process (DL). The codes were given as
HxDE, HxDL and APxDE, APxDL for coating with HH
and APP as anionic layer with x=5, 10 and 15 bilayers and
drying (DE code) after every dipping process or drying
(DL) only last dipping, respectively.

2.3 Measurement and Characterization

Mineral contents and mean particle size values of HH
powders were given in our previous paper [11]. The weight
gain of cotton fabrics was designated by measuring the
fabric weights before and after LBL assembly. Tensile
strength values of fabric samples were measured by tensile
testing machine (Tinius Olsen Ltd.) according to ASTM
D5035-95 standard (strip method). The yellowness index
(E313) and whiteness index (Stensby) were determined by
DataColor SpectraFlash 600 spectrophotometer (D65 day
light, 10° standard observer). The limited oxygen indexes

(LOI) of samples were analyzed by LOI measurement
device (Qualitest Inc., Canada) in accordance with the
ASTM D2863 standard. Vertical flame spreading tests
(VFT) were applied with face ignition on rectangular
samples (50x150 mmz2). The short side of the samples was
exposed to the flame (20 mm length) for 5 secs. Afterflame
time and afterglow time values were determined as
explained in 1SO 13943 [38]. The images of fabric samples
after vertical flame spreading tests were taken. Cone
calorimetry test was carried out to charaterize the
combustion properties of fabric samples (100mm x 100mm
X 0.3mm) under 35 kW/m? of irradiative heat flux
according to 1SO 5660 in horizontal configuration by cone
calorimeter (Fire Testing Technology, UK) [39]. Samples
were holded with a frame and metallic grid in right
position. The total heat release (THR), heat release rate and
peak heat release rate (HRR, pkHRR), total smoke release
(TSR), CO2/CO vyield, specific extinction area (SEA), time
to ignition (TTI), residues at the end of test (wt.%) and
mass loss rate (MLR) were evaluated [40]. Thermal
analysis of fabric samples was carried out at a heating rate
of 20 °C/min in the temperature range of 30-600 °C under
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air atmosphere by using DTA-TG machine (Setaram Setsys
1750). The antibacterial activity of the fabric samples was
tested as ASTM 2149 standard for S. aureus as Gram-
positive organism and E. coli as Gram-negative organism.
Bacterial reduction (%) were calculated as Duran et al.
2007 [41]. The surface morphologies of the fabric samples
were observed in 1000x and 2000x magnification by using
scanning electron microscopy (FESEM, Zeiss Supra 40VP)
at acceleration voltage of 20 kV. SEM images of fabric
samples were taken before and after vertical flame test
(VFT). Their elemental compositions of fabric samples
exposed VFT were determined with energy-dispersive X-
ray spectroscopy (EDX) before and after 5 washing cycles
at 40 °C with ECE reference detergent (non-phosphate) as
ISO 105 C06. FTIR-ATR spectra of fabric samples were
recorded using a Bruker Hyperion 1000 IFS-66/s Infrared
Spectrometer with diamond universal ATR accessory and

with a resolution of 4 cm over a range of 400 to 4000 cm-
1

2. RESULTS AND DISCUSSION

The add-on values, tensile strength, elongation, whiteness
and yellowness index values, vertical flame test results
(residue amount, after-flame time, after-glow time) and LOI
values of the fabric samples are given in Table 1.

3.1 Fabric Characterization

Mass of coating added on the fabrics increased while
whiteness of fabric samples was decreasing with the growth
of bilayer number, as shown in Table 1 and Figure 2. APP
led to further decrease in whiteness and further increase in
the mass of coating added on the fabrics compared to HH.
Moreover, DE samples possessed lower whiteness and
higher add-on values than DL samples. Higher tensile
strength of DE samples and lower tensile strength of DL
samples in comparison with untreated fabric were
illustrated in Figure 3 and Table 1. The tensile strength of
all fabric samples increased with the growth of bilayer
number. Especially HHXDE samples have the highest
tensile strength. Lower elongation of DE samples and

higher elongation of DL samples were observed in
comparison with untreated fabric.
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Figure 2. Add-on and whiteness values of fabric samples with
respect to anionic layer type (HH or APP), bilayer
numbers and drying conditions (DL or DE)

—=—Tensile strength

.
ml_e_Elongatlon APP

1.000 r20
800
600

r10
400

200

%% ‘uonesuo[y

1.000

800 s g
600 =
10
400-|
200 B
; .

T T T T T T
0 5 10 15 (1] 5 10 15
layer layers layers layers layer layers layers layers

Tensile Strength, N

0

Figure 3. Tensile strength and elongation values with respect to
anionic layer type (HH or APP), bilayer numbers and
drying conditions (DL or DE)

Table 1. The add on values, tensile strength, elongation, whiteness and yellowness index values, vertical flame test results (residue amount, after-flame
time, after-glow time) and LOI values of the fabric samples. *UT-Untreated

Code Whiteness

Vertical flame test

Add- _Yellowness index Tensile Elongation, Damaged After-fl After-al LOl,
on, % index, E313 ' Strength, N % ge er-rlame er-glow %
Stensby length, mm time, s time, s
uT* - 6.49 82.72 355.60 8.79 120 16 23 17
H5DE 9.9 12.50 71.52 536.00 6.45 120 22 - 18
H10DE 16.3 15.74 65.44 660.00 6.50 120 24 - 19
H15DE 204 16.75 63.05 682.50 5.85 120 25 - 19
AP5DE 10.0 11.85 72.02 528.75 5.83 86 18 - 19
AP10DE 20.9 14.35 67.02 645.50 6.00 86 19 - 20
AP15DE 24.6 17.25 61.72 625.50 6.15 90 15 - 22
H5DL 24 8.50 78.03 377.60 10.65 120 19 - 18
H10DL 41 8.72 78.92 399.20 10.57 120 19 - 18
H15DL 7.9 8.87 78.36 414.75 13.70 120 20 - 18
AP5DL 5.2 8.25 79.54 413.25 9.55 120 24 - 19
AP10DL 9.7 8.59 78.72 437.25 9.30 120 19 - 19
AP15DL 13 9.26 77.09 465.00 8.73 88 13 - 20
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3.2 Flame retardancy properties of fabrics

The after-glow time (23s) could be determined for only
untreated fabric while all coated fabric samples did not exhibit
glow burning behavior, which proved their flame retardant
properties. After-flame time of AP code samples decreased
from 16s to 15s in comparison with untreated fabric while their
damaged length with integrity of char residues have been
reducing from 120 mm to 90 mm (Figure 4 h,i,j,m).1 After-
flame time of H code samples increased from 16s to 25 s in
comparison with untreated fabric, which ascribed slowing of
flame spreading on the samples. LOI values of all treated
fabrics were increased compared with untreated fabric (17%).
LOI values of H code samples (19%) were lower than AP code
samples. AP15DE were exerted the highest LOI value (22%)
(Figure 5). The results demonstrated their flame retardancy due
to high amount of char residue of APP coating and long flame
spreading time of HH coating.

(€] () (@m)

Figure 4. The images of fabric samples exposed to vertical flame
test a) UT, b), ¢), d) HXDE samples with 5, 10 and 15
bilayers, respectively, e), f), g) HxDL samples with 5, 10
and 15 bilayers, respectively, h), i), j) APXDE samples
with 5, 10 and 15 bilayers, respectively, k), 1), m)
APXDL samples with 5, 10 and 15 bilayers, respectively.
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Figure 5. After-flame times and LOI values of samples with
respect to anionic layer type (HH or APP), bilayer
numbers and drying conditions (DL or DE)

3.3 Cone calorimeter test

Flame retardancy properties of fabric samples were explored by
cone calorimeter test. Heat release rate (HRR) and total smoke
release (TSR) curves of fabric samples were shown in Figure 6 a)
and b). Cone calorimeter test results were depicted in Table 2. It
can be observed that the deposition of chitosan, APTES and
GPTMS, APP or HH by LBL assembly reduced TTI, pkHRR,
pKMLR and TSR values of fabric samples in comparison with
untreated fabric. pHRR and MLR values of H15DE and AP15DE
samples exhibited further decrease in comparison with H15DL
and AP15DL samples. The lowest pHRR (194 kW/m?) and TSR
(18.5 m?/m?) values were achieved in H15DE samples while the
lowest MLR (11.27 g/(s.m?)) and residues at the end of test (50%)
were succeded in AP15DE samples. In Figure 7, the images of
cone calorimetry test depicted that more residual char amount of
AP15DE samples in comparison with untreated fabric and H15DE
samples. The samples applied APP in anionic layer acquired lower
CO2/CO yield in comparison with untreated fabric and samples
applied HH in anionic layer. Low CO2/CO vyield could be
attributed to unyield combustion due to limited difussion of
oxygen to pyrolysis area [13,42]. Hence fabric samples used APP
or HH in anionic layer exhibited different flame retardancy
mechanisms. Reduction on heat release and smoke release
attributed flame retardancy (FR) mechanism of samples applied
HH in anionic layer. The FR mechanism of the fabric samples
used APP as intumescent flame retardant agent was based on high
residual char amount, forming a barrier for flame, reducing
oxygen diffusion from residual barrier and decelerating of flame
progressing. The results were supported by the other flame
retardancy test results.

Table 2. The cone calorimetry test results

Code pkHRR THR pkMLR TSR C_Oz/CO TTI pkSEA Residues
[kwW/m?] [MJ/m3] [9/(s.m?)] [m¥m?] yield [s] (m?/kg) [%]
uT 248 4.2 15.26 146.4 54 11 2407 2
H15DE 194 3.3 13.07 18.5 27 9 2033 3
H15DL 249 25 15.00 25.4 20 8 605 1
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Figure 6. a) HRR and b) TSR curves of fabric samples

Figure 7. The fabric images after cone calorimetry test a) UT, b) AP15DE, c¢) H15DE, d) AP15DL, ) H15DL

3.4 Thermogravimetric analysis of fabric samples

The thermal stability of the fabric samples has been
investigated by thermogravimetric analysis in air
atmosphere. DTG and TG curves of the fabric samples
were illustrated in Figure 8 a) and b), respectively and the
corresponding datas were summarised in Table 3. Silica
was bonded to cellulose by hydrolysis and condensation
reactions and then exploited electrostatically interaction
with phosphoric acid formed by APP or bicarbonate anions
generated by HH. Substantially chitosan as additional
carbon source electrostatically collaborated with Cellulose-
Silica-APP or Cellulose-Silica-HH to improve FR
efficiency of samples (Figure 1). Cationic chitosan in acid
solution could be paired with anionic APP solution or HH
solution by LBL assembly. Chitosan with nitrogen content
and APP with intumescent nature improve the flame
retardacy properties of treated materials [6]. Coatings with
silica based nanosols could ensure fire protection by
forming inorganic barrier. Silica together with nitrogen-
based compounds could catalyze the dehydration and
carbonization of substrate and decrease the amount of
combustible gases.

All  samples exhibited two-step thermal degradation
processes, where the first step temperature decreased and
the second step temperature increased for HXxDE, APxDE
and APxDL samples in comparison with UT samples.
Cotton begins to decompose at 220 °C (T onsets%) and showed
the maximum weight loss rate at 360 °C (Tmax1) in the first
step, which may be attributed to depolymerization and
dehydration of cellulose, formation of aliphatic char.
During the second step, the aliphatic char carbonizes into
aromatic char and then oxidizes into CO, and CO with the

maximum weight loss rate at 495 °C (Tmaxz) [6]. Lower
pyrolysis temperature (Tmax1) and higher Tmax are evident
that fabric samples treated LBL show good thermal
stability. Especially APXDE samples have lower Tmaxl
and higher Tmax in comparison with HXDE samples. It was
indicated that APP samples had higher thermal stability and
higher char residues than HH samples because of the
synergistic interaction between phosphorus, nitrogen and
silicium atoms in its molecular structure [43]. By
introducing the CH-APTES-APP (AP15DE) assembly
coating, the fabrics (152 °C) showed reduced
decomposition temperature  (Tonsetsw) Compared  with
untreated fabric (220 °C). Lower Tonsetsws temperature
generally could be attributed to thermal degradation of
cotton which catalyzed by hydroxyl groups of chitosan and
silica [13,44]. APxDE and HxDE exhibited lower pyrolysis
temperatures (Tmax1) in the first step, which is attributable to
the catalyzed thermal degradation of cotton in the presence
of Si, nitrogen, APP or HH [6]. The growth of bilayer
number resulted in a lower pyrolysis temperature and thus
higher thermal stability of cotton in the whole degradation
process. Because char forming at lower temperatures and
volatile species releasing inhibited the further degradation
and combustion of cotton at higher temperature [6,13,45].
Hence the second degradation step of AP15DE and H15DE
fabric samples (Tmax2) Was postponed to 527 and 516 °C
respectively, dedicating more stable char at higher
temperatures in comparison with the uncoated cotton (495
°C). Final residue amounts of the fabric samples at 600 °C
increased in comparison with UT samples (0.06%).
According to char residue datas, the char residue of
AP15DE and H15DE were 6.73 and 0.60%, respectively.
The char residues of APP and HH samples may be
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attributed to the presence of amino and silane groups, supporting the char formation and preventing the
benzene rings and phosphate groups or calcium and production of volatile species.
magnesium oxides. All these results indicated that thermal
stability of LBL treated fabric samples improved the by
Table 3. DTA-TG datas for untreated and treated fabric samples. Tonsetso: Initial decomposition temperature (for 5% weight loss) [40].
Tmax: Maximum weight loss temperature (from DTG curves)

Resid t Trmaxt, Resid t Tmac, Resid t 600 'C,
Code Tonsetsos"C Tmax, °C Tmac, °C O/OBSI uea ! O/OBSI uea 2 O/OeSI uea
uT 220 360 495 48 5 0.06
APSDE 261 335 521 55 9 1.25
AP10DE 249 330 536 61 14 6.00
AP15DE 152 314 527 61 16 6.73
H5DE 276 358 520 50 6 0.25
H10DE 281 346 508 55 8 0.32
H15DE 232 340 516 52 7 0.60
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Figure 8. a) DTG and b) TG graphs of fabric samples
3.5 Antibacterial properties of fabric samples [ JH1SDE

NAP15DE

-
)
<

The bacterial reduction for E. coli and S. aureus was
examined in H15DE and AP15DE samples. It was found
from Figure 9 and 10 that AP15DE samples had high
bacterial reduction, 100% and 98% against E.coli and S.
aureus, respectively. The antibacterial activity of APP did
not previously study in the literature. Nitrogen and
phosphate contents of APP attributed to their antibacterial
activity. An effective bacteriostatic effect stem from
cationic ammonium and polyphosphates in its structure [46,
47]. Amino groups through ionic interaction could absorbed g eoli
on the anionic cell walls of bacteria [48]. The bacterial
reduction of H15DE sample against to S. aureus reached to
93% due to the presence of CaO and MgO ensuring
superoxide forming in HH powder while the bacterial
reduction against to E.coli was 61%. Rough coating with
HH powder observed SEM images could provide higher
specific area and thus efficient contact and interaction
between HH powder and S. aureus (Figure 11).
Antibacterial activity of MgO and CaO could be ascribed to
form of superoxide on material surface [11,49]. APP or HH
in outer layer of fabric samples was in charge of
bacteristatic activity [50].

@
<

Bacterial reduction, %
(=)
=}

S. aureus

Figure 9. Bacterial reduction of fabric samples againsts E. coli and
S. aureus

Figure 10. Images of bacterial reduction test a) UT, b)
H15DE, ¢) AP15DE against to E.coli and d) UT, e)
H15DE, f) AP15DE against to S.aureus

3.6 SEM-EDS and FTIR Analyses
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The SEM images in Figure 11 showed the surface structure
of the fabric samples. These micrographs reveal that all
fibers treated LBL with HH in anionic layer exhibited
superficial and rough coating and no bridging between
fibers while HxDL samples displayed the presence of
particulate matters on the surface with the growth of bilayer
numbers. Aggregation of HH powder was observed in
HxDL samples while regular film form was exhibited in
HxDE samples with attribution based on drying processes.
The coating on APXDE samples was filling between fiber
with continuous and denser layer while some cracks were
observed on the coating on APxDL samples. Figure 12
illustrated the SEM images of UT, AP15DE and H15DE
samples after VFT and washing cycles+VFT. The treated
samples protected integrity after VFT and washing
cycles+VFT. Especially AP15DE sample exhibited better
contiunity after VFT, which supported by photos and
residual amounts in VFT and cone calorimetry analysis.

@ (m)
Figure 11. SEM images of fabric samples a) UT, b)H5DE, c)H10DE,

d)HI5DE, e)H5DL, fH10DL, g)HI5DL, h)APSDE,
i)AP10DE, j)AP15DE, K)AP5DL, )AP10DL, m)AP15DL

e)

Figure 12. SEM images After washing cycles and vertical flame test a)
UT after VFT b) AP15DE after VFT c¢) AP15DE after washing
cycles and VFT d) H15DE after VFT e) H15DE after washing
cycles and VFT

To confirm the flame-retardant composition on fabric
samples, the presence and durability of the elements on
treated fabric samples were analyzed by SEM-EDS
techniques. Elemental analysis results of AP15DE and
H15DE samples after VFT and washing cycles+VFT were
given in Figure 13. The result showed that the samples
contained silicium element from APTES and GPTMS and
nitrogen element from APTES, chitosan and APP. It was also
confirmed the presence of Ca and Mg elements in H code
samples and the presence of phosphate in AP code samples.
The flame retardant efficiency of especially APXDE samples
could be attributed to high content of P, N, and Si. The
results proved the durability of coated samples to washing.

The chemical structures of untreated and LBL treated
fabrics have been evaluated by FTIR-ATR spectra. As
shown in Figure 14, all fabric samples showed wide peak
between 3000 and 3600 cm*, characteristic signals between
1035 and 1160 cm, peaks about 2900 cm?, 1635 cm?,
1428 cm?, 1361 cm?® and 1053 cm? ascribed to the
stretching at OH groups, the C-O-C of cellulose backbone,
stretching vibration at C-H groups in alkyl chains, bending
at O-H groups of adsorbed water, deformation vibration at -
CHa-, bending vibration of C-H groups and stretching
vibration of C-O-C groups which these peaks were stems
from cellulose nature [6,13,25]. The signals between 1000
and 1100 cm? in all fabrics were ascribed to Si-O-Si bond
asymmetric stretching vibration, which indicated the
presence of silica network, and overlapped with inherent
peaks of cellulose [51,52]. Chitosan depicted similar peaks
to cellulose and also wide peak at 3333 cm™ attributed to
stretching vibration of N-H groups. The peak at 1740 cm™?
contributed by stretching vibration of carbonyl group
(C=0) [53]. Furthermore, APP, HH and APTES in coating
layer demonstrated characteristic peaks on spectras of
fabric samples in Figure 14. The band at 1440 cm?
corresponds to the bending vibration of CH groups next to
the nitrogen atom [54]. Meanwhile a peak at 1532 cm

122

TEKSTIL ve KONFEKSIYON 32(2), 2022



contributed by bending vibration of —-NH2 groups from
APTES and chitosan appeared in LBL treated fabrics. The
peak at 1232 cm* ascribed to stretching vibration of P-O-
aryl proved the presence of phosphate on AP code samples,
which overlapped Si-C band at 1200 cm™ for all LBL
treated fabric samples [6,25,55]. It was determined that a
peak at 1040 cm™ ascribed to stretching vibration of P-O-C
from AP15DE overlapped with peak at 1052 cm ascribed
to stretching vibration of C-O-C from cellulose, which was
supported by Pan et al. 2015 [30]. Two peaks for H15DE at

1538 cm? and 1508 cm™ were ascribed to asymmetric
bands of CO3?2 groups of HH. The peak at 1538 cm
overlapped with bending vibration of -NH groups at 1532
cm* from APTES and chitosan. Furthermore, two peaks at
870 ve 891 cm* were ascribed to carbonate ligand from HH
[11,16,56]. Overall, the FTIR-ATR spectra confirmed that
chitosan, APTES and APP or HH were successfully applied
to fabric samples.
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Figure 13. The elemental composition of the fabric samples by EDS analysis (gravimetric, %) after vertical flame test (V) and washing cycles (W)
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Figure 14. FTIR spectrum for UT, AP15DE and H15DE samples.

3. CONCLUSION

In this article, we have demonstrated that successful
fabrication of flame retardant, smoke supressed and
antibacterial cotton fabric with application of chitosan, and
APTES as cationic layer and APP or HH as anionic layer by
LBL assembly. It was investigated the effect of bilayer
numbers (5, 10 and 15 bilayers), anionic layer type (APP or
HH) and drying conditions (DE or DL) on multifunctionality
of cotton fabrics. LBL treated fabrics displayed different
behaviors in terms of fabric characteristics and hence,
reflected on their flame retardant and antibacterial properties.
LBL treated fabric samples revealed some increase in LOI
values (i.e., from 17% to 22% for AP15DE and 19% for

H15DE), get longer AF time (from 16s to 25s for H15DE)
and shorter damaged length (from 12 cm to 9 cm for
AP15DE) in vertical flame test, significant decrease in pHRR
and TSR value (from 248 to 194 kW/m? and from 146 to
185 m?m? for H15D) in cone calorimetry test and
significant increase residue at 600 °C (6.73% residue for
AP15DE) in DTA-TG analysis in comparison with untreated
fabric. It was concluded that the flame retardancy mechanism
of AP15DE samples as intumescent flame retardant agent
was based on increasing char amount, which formed a barrier
for flame, decreased oxygen transfer, and decelerating of
flame progressing while the mechanism of H15DE samples
was resulted from long afterflame time and decreasing smoke
density and heat release. AP15DE imparted high
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bacteriostatic reduction againts two bacterias while H15DE
exhibited high bacterial reduction against only S. aureus. In
conclusion, it was proved the antibacterial and flame
retardancy properties of the coated fabrics with HH or APP
as anionic layer and chitosan and silane based nanosols as
cationic layer by LBL assembly. There was some researches
on the using of APP for LBL assembly on cotton fabric while
the using of HH solution as aninonic layer for LBL assembly
on cotton fabric were firstly studied in literature. Their
antibacterial and flame retardancy performance was
compared and they were proposed their usage for medical,
industrial, home and military textiles.
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ABSTRACT

The resistance of carpets to texture deformation is considered one of the most important properties
that affects the quality of carpet. Static load is an essential factor that has a profound impact on
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carpets causing compression of carpet pile yarns. Mainly, two tests are available to test the
performance of carpets in terms of compressibility and resilience, including thickness loss after brief
moderate static loading and thickness loss after prolonged heavy static loading. Currently, the

commercially available test devices have drawbacks, including a requirement for an additional

KEYWORDS

apparatus to test performance, conducting tests manually which leads to personal faults, and inability

of storing test data. In this study, a newly developed test device for measuring compressibility and
resilience performance of carpet was designed and manufactured. The newly designed test device is

Carpet, Resilience, Static
loading, Machine design

statistically verified and capable of performing carpet thickness measurement, brief moderate static

loading and prolonged heavy static loading tests automatically.

1. INTRODUCTION

Indeed, carpets are frequently utilized by human in different
aspects of life. Carpets are used in order to obtain sound
and heat insulation, in addition to provide an aesthetic
appearance that is favourable by end-users. [1]. During
usage, carpets are prone to many stresses resulting in
negative effects on their surface texture. To be more
specific, static and dynamic loads are significant applied
stresses on carpets, which leads to deformation of the
surface texture. There are different tests used to assess the
performance of carpets in terms of compressibility and
resilience, the most important of which are thickness loss
after brief moderate and heavy static loading tests [1-3].

Several studies and researches were accomplished
regarding carpet performance measurement and the effects
of manufacturing parameters. For instance, some
researchers investigated the thickness loss under dynamic

and static loading [4-7] while others studied the carpet
performance under short and long term static loading [8-
11]. Additionally, in the literature there are many studies on
mechanical, physical and appearance properties of carpet
[12-18].

Besides, in the literature, there are several studies which
deal with the designs of different textile performance
measurement systems. For instance, a measuring approach
to examine the compression behavior of spacer fabrics was
proposed by Mecit and Roye [19]. An instrument was
developed by Fujimoto et al. to test and determine the
surface friction of carpets and fabrics readily which enables
to design pile products with high quality [20]. A new
testing approach and a testing mechanism were proposed by
Yao and Li through integrated assessment of fabric handle
utilizing a virtual tool [21]. Li et al. proposed a testing
approach to measure fabric touch feels [22]. Joshua et al.

To cite this article: Alsayed M, Kaynak HK, Celik Hi. 2022 Design and development of an innovative test device capable of
automatically performing carpet static loading tests, Tekstil ve Konfeksiyon, 32(2), 126-134.
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proposed a developed testing tool that is used for different
lunar wheel tread material to test wear viability [23]. A
measuring tool was proposed by Sengupta et al. to measure
technical textiles in terms of bending behavior [24].
Alsayed et al. proposed a design of a test device to measure
the performance of carpets in terms of resilience and
compressibility [25, 26].

As it can be seen from the literature survey, the researchers
are quite interested in static loading tests to evaluate the
carpet performance. It is a fact that brief, moderate and
prolonged heavy static loading tests are commonly
preferred test methods. However, an automatic device that
has the ability to measure the thickness and applies static
loads on carpets has not been investigated yet. In this
research, it is planned to create and manufacture a new and
multipurpose test device in order to test thickness loss of
carpet after the application of static loading and to store test
data in a digital environment. The test device is fully
automatic in terms of loading and unloading specimens,
changing the loads, and recording test results as well
without the intervention of an operator. Additionally, the
developed test device is also capable of testing specimens
that have a thicker structure, such as 3D fabrics.

MATERIAL AND METHOD
2.1 Definition of Need and Statement of Problem

The application of static loading tests requires a thickness
measurement tool, in addition to the existence of a loading
mechanism in order to determine the thickness loss caused
by the loading process before and after recovery periods.
Regarding the static loading test, firstly, by using the
thickness measurement device, the thickness of the
specimen is tested under 2 kPa pressure. Following that,
according to the related standard, the specimen is exposed
to a specific value of pressure for a specific period of time.
Then, as soon as the loading period is completed, the load is
removed and the specimen is kept without loading for a

duration of time determined according to the standard.
After that, the thickness is measured again. Eventually, the
deformation that occurs due to the application of loads
expresses the thickness loss of specimen. Determination of
thickness loss can be obtained by two types of tests;
prolonged heavy static loading and brief moderate static
loading. For prolonged heavy static loading test, after the
thickness is measured, 700 kPa load is applied for a time
period of 24 hours on the specimen. Following that, the
applied load is removed, and the specimen’s thickness is
measured after 2 minutes, 1 hour and 24 hours recovery
periods [27, 28].

With respect to brief moderate static loading test, after the
thickness of the carpet specimen is determined, an
application of 220 kPa load for 2 hours takes place.
Following the load application process, the carpet specimen
left unloaded and thickness is determined in three intervals
of time: after 15, 30, and 60 min. As a test requirement, five
specimens must be tested for both static loading tests
(heavy and brief moderate static loading) [29-31]. There are
many difficulties to perform these tests. Several loading
tools, and an additional carpet thickness measurement tool
must be available in order to perform the previously
mentioned tests. In fact, this will result in an important
level of investment costs for users, such as research center,
universities, and production plants as well. Additionally,
both test processes are too complicated that cause personal
faults due to manual equipments. Also, for the available
manual test procedure it is not possible to securely record
the test data in digital environment. There are several
commercial brands which provide this type of manual
carpet test devices [32, 35]. Today, it is a need to provide
these time consuming and high labor tests automatically
with a solo test device.

Table 1 provides a comparison between the commercially
available test devices (A, B, C, D) and the newly developed
test device (E) in terms of the capability of testing,
drawbacks, and the control system.

Table 1. Comparison between the commercially available test devices (A, B, C, D) and the newly developed test device (E)

and recovery

Test Capable of Control Drawbacks
device system
A Applying static loads and testing thickness of carpet Manual Manual control
Test results are not stored
B Measuring carpet thickness, and underlay compression, Manual Manual control

Test results are not stored automatically

moderate and prolonged loading test

C Applying static loads Additional tool is required to measure thickness
Manual Manual control
Test results are not stored automatically
D Testing recovery after applying a load for specific time Additional tool is required to measure thickness
Manual Manual control
Test results are not stored automatically
E Measuring carpet thickness, application of brief and

Automatic

None
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The newly designed test device is superior to the
commercially available test devices because of lower
investment cost, decreasing the place requirement and
automatically preforming the test and storing the data.
Additionally, accurate and precise thickness measurements
can be obtained since the tests are implemented
automatically without intervention of an operator for
loading and unloading samples and writing down the
measurements of thickness, thereby the possibility of faults
from the operator side can be decreased. Moreover, test
results can be stored in a digital environment. Another
advantage is that thicker textile material, such as 3D fabrics
can be tested using the newly developed test device.

2.2. Design Requirement and Constraints

Several and essential issues of design requirements were
studied and taken into consideration while designing the
test device in order to have a reliable test device that is
capable of providing accurate and precise measurement and
following the related standards. The design requirements
and constraints are:

i. The test device must have a presser foot with an area
between 300 mm? and 1000 mm?2.

ii. The applied pressure must not have high fluctuation
among the application duration.

iii. It must be ensured that the force on the specimen is
identical at every part of specimen.

iv. The presser foot must move perpendicularly on the
specimen and must run smoothly.

v. The component of the test device must be easy to
manufacture (less number of moving components)
and not expensive.

vi. The test device must be able to be controlled
automatically.

vii. The structure of the test device must handle the forces
which is identified in standards that are going to be
applied during the static loading tests, such as 700
kPa.

viii. The usage of the test device must be easy and does
not require skilled operator.

ix. The components of the test device must not make
annoying sounds while working.

X. The test device must be equipped with a tool to ensure
its balance before testing due to the importance of
performing tests on a flat surface to achieve regular
pressure on specimens.

xi. Test results should be able to be stored in a digital
environment.

xii. The test device must be able to provide a low pressure
on specimen such as 2 kPa for thickness
measurements and a high pressure such as 220 kPa
and 700 kPa for the static loading tests.

xiii. The test device must be equipped with a reliable load
cell to measure the applied forces and ensure that the
applied pressures are within the standards.

Xiv. The test device must be adequate cost and affordable.

xv. The test device must be safe for users. Indeed,
pneumatic systems have astounding advantages in
terms of safety [36].

2.3. Design of Prototype Test Device

The working principle of the test device is based on
receiving instructions from an interface of Arduino. A USB
connection between Arduino and the laptop is used to
control each component of the test device.

In terms of the synchronization of components, the test
initializes when the solenoid receives a command to be
opened, from the main controller, then the piston moves
down due to the provided air from the air pressure regulator
and the piston presses on the sample through its presser
foot. The piston applies the required loads on the sample.
The value of the applied load is detected previously using
the load cell which is equipped to the test device.

The position sensor, which is attached to the piston, plays
an essential role in determining the stroke of the piston
continually. With the help of the position sensor, the
thickness of the sample is measured. All the obtained
measurements are stored and displayed in the interface of
Arduino software. The scenarios of the tests that the newly
developed test device is capable of implementing are shown
in Figure 1.
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The diagram in Figure 2, represents the control block diagram of the

newly developed test device.
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Figure 2. Block diagram of the communication in the testing process.

The main controller is the center of the control circuit. By
the cooperation between the main controller and the
position sensor, the thickness of carpet samples is
measured.

As it is explained in Figure 2, the main controller sends
orders to the pressure regulator and solenoid to control the
movement of the piston and the amount of the pressure that
will be applied. At the same time, the main controller

receives data from the position sensor and the load cell and
shows them in the interface of Arduino. The circuit is
equipped with two power supplies; 5V DC for the
microcontroller and 220V DC for the pressure regulator,
position sensor, and solenoid.

Regarding the movement system of the piston, it moves
linearly and perpendicularly on to the device base. The
piston has 9 cm stroke and makes this stroke in 1 second.
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The moving component of the mechanism is the piston, and
its degree of freedom is 1 since the piston is able to move
linearly in one direction (up and down).

The two-position and three-way 3/2 pneumatic solenoid
valve is the in charge of determining the movement
direction. 3/2 means two working positions and three ports
in the piston body, namely 1 the inlet port, 2 and 3 are the
outlet ports. The inlet port 1 is where the air is supplied to
the valve, port 2 is where the supplied air pushes the piston,
and port 3 is where the exhausted air goes outside the
circuit. When the circuit is closed, the solenoid allows the
air to go to the upper part of the piston, thereby the pressure
of air P1 becomes bigger than the pressure of air in the
lower part of the piston P2, thereby the piston goes down,
and vice versa.

2.4. Construction of Prototype Test Device

The external body holds the components of the test device
and maintains the conditions of the experiment balance.
The body was made of durable metal to handle the loads
that the test device applies. The process of manufacturing
was accomplished using laser cutting technique to obtain
clean edges. Basically, the external body has four screws
and hex nuts that ensure and guarantee the balance of the
test device by calibrating them before conducting tests. The
dimension of the base of the external body is 29.5 cm x
40.7 cm x 5.0 cm. Figure 3 shows the photographic view of
the newly designed test device and its components.

2. RESULTS AND DISCUSSION
3.1. Verification of the Test Device

As the newly developed test device applies static tests
according to standards published by International
Standardization Organizations, thereby, there is no change
planned to the applied method. Only the principle of
application of static loading with previously accepted
devices is changed, which means that a new method is not
implemented by the developed test device. Therefore, there
is no need for a validation procedure. However, the
verification procedure is necessary. The verification
procedure is a procedure that does not contain as many
details as the validation procedure, but it makes significant
determinations. For the verification procedure, the accuracy
criterion of the thickness measurement is taken into
consideration. The accuracy criterion is determined by
identifying trueness and precision. In order to verify the
newly developed test device regarding trueness, the
thickness measurements of the newly designed test device
and a reference test device are compared and the difference
between them is measured. While precision is measured by
testing samples under repeatable and reproducible
conditions [37, 38]. Two different samples; a cut-pile carpet
and a loop-pile carpet were used as samples for the

verification procedure. Table 2 exhibits the applied tests for
the verification process of the newly test device

Air pressure
regulator

Figure 3. Photographic view of the newly designed test device

3.1.1 Determination of Trueness by Using Reference
Method

To prepare the samples for testing, 15 specimens 10*10 cm
from each sample were cut and conditioned in the
laboratory for 24 h. The measurements of thickness were
made utilizing the newly developed test device and the
carpet thickness tester (as a reference). The test results are
presented in Table 3.

To analyze the obtained data using SPSS, firstly, normality
test was carried out, it was revealed that the findings are
normally distributed. Accordingly, paired-Sample t-test was
conducted. The results of the data analysis of test are shown
in Table 4. The findings of the data analysis prove that
statistically there is no significant difference between the
thickness measurements of carpet thickness tester and the
newly designed test device since Sig. (2. Tailed) = 0.728 >
0.05.

3.1.2. Determination of Repeatability

In order to determine the repeatability of the test device, the
thickness of the same sample was measured three times in
one-day duration. The test results are shown in Table 5.
Following that, statistical analyses were carried out to
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determine the statistical significance between groups.
Thickness measurements and statistical analyses were

accomplished for both cut-pile and loop-pile sample.

Table 2. Verification procedure of the newly developed test device

Test done by Number of Number of Purpose of procedure
samples measurements
1 Newly developed test device + carpet 2 30 Determination of trueness by using reference method
thickness tester
2 Newly developed test device 2 30 Determination of repeatability
3 Newly developed test device 2 30 Determination of reproducibility over a long time period
4 Newly developed test device 2 30 Determination of reproducibility by different analysts
Table 3. Thickness measurement results of samples for determination of trueness
Specimen _ Cut-pile sample ) ) Loop-pile sample )
Carpet thickness tester Newly developed test device Carpet thickness tester Newly developed test device
1 14.28 14.50 7.04 7.16
2 14.23 14.36 7.06 7.43
3 14.61 14.55 7.23 7.42
4 14.55 1451 6.81 7.1
5 14.56 14.85 7.2 7.16
6 14.25 14.03 7.25 7.23
7 14.76 14.91 7.5 7.24
8 14.67 14.70 6.86 6.81
9 14.54 14.35 6.85 7.27
10 14.67 14.40 6.82 7.34
11 14.47 14.40 7.25 741
12 14.74 14.71 7.12 7.06
13 14.88 14.92 6.98 7.13
14 14.40 14.16 74 6.84
15 14.76 14.66 7.14 7.13
Average 14.56 14.53 7.10 7.18
Standard
deviation 0.20 0.26 0.21 0.19
Table 4. The results of Paired-Samples Test
Paired Differences
95% Confidence Interval of the
Std. Std. Error Difference Sig.
Mean Deviation Mean Lower Upper t df (2-tailed)
SDL Atlas-Prototype -0.025 0.078 0.055 -0.723 0.678 -0.455 1 0.728

Table 5. Thickness measurement results of cut-|

pile and loop-pile samples for determination of repeatability

Sample Specimen Measurement 1 Measurement 2 Measurement 3
1 14.38 14.14 14.53
2 14.39 14.73 14.59
Cut-pile 3 14.47 14.63 14.75
4 14.58 14.52 14.31
5 14.57 14.59 14.54
1 7.10 6.96 7.11
2 6.83 7.02 6.51
Loop-pile 3 7.46 7.21 7.54
4 7.21 6.98 7.10
5 7.18 7.35 7.39

In order to analyze repeatability of the newly developed test
device, ANOVA was conducted for thickness
measurements of each sample separately. The results of
statistical analyses of cut-pile and loop-pile sample
thickness measurements are provided in Table 6. The
values of cut-pile and loop-pile thickness measurements are
normally distributed. The results of the ANOVA show that

statistically there is no difference in thickness measurement
between the groups of the two samples at the three rounds
of testing as the significance level of cut-pile and loop-pile
sample 0.823 and 0.958 > 0.05, respectively.

3.1.3. Determination of Reproducibility over Long Time
Period

TEKSTIL ve KONFEKSIYON 32(2), 2022

131



Determination of reproducibility over long time period was
done utilizing 15 specimens from each sample. The test was
held for 3 days. Each day, 15 specimens from each sample
were tested. The test results are given below in the Table 7.

Following thickness measurements, ANOVA was carried
out to analyze the obtained test results. The results of
statistical analysis of cut-pile and loop-pile carpet thickness
measurements are presented in Table 8. It was found that
the values of thickness measurement are normally
distributed and statistically there is no significant difference
between thickness measurement of the cut-pile and loop-
pile samples over three days of testing as the significance

level of cut-pile and loop-pile sample is 0.888 and 0.624 >
0.05, respectively.

3.1.4. Determination of Reproducibility by Different
Analysts

In order to determine the reproducibility of the test device
by different analysts, thickness measurements of fifteen
specimens from each sample were tested by different
analysts. For this aim, three technologists participated in
this test. Each technologist tested 15 specimens from each
sample using the newly developed test device. Table 9
represents the test results of test.

Table 6. ANOVA results for cut-pile and loop-pile samples

Sample ANOVA
Cut-pile Sum of Squares df Mean Square F Sig.
Between Groups 0.011 2 0.006 0.199 0.823
Within Groups 0.341 12 0.028
Total 0.353 14
Between Groups 0.007 2 0.003 0.043 0.958
Loop-pile Within Groups 0.942 12 0.078
Total 0.948 14
Table 7 Thickness measurements of samples for reproducibility over long time period
Cut-pile sample Loop-pile sample
Specimen Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
1 14.32 14.34 14.76 7.77 6.98 7.20
2 14.38 14.45 14.55 6.78 7.00 6.96
3 14.39 14.24 14.67 7.13 7.43 7.37
4 14.47 14.43 15.12 7.15 7.46 7.43
5 1451 14.68 14.61 6.94 7.27 7.43
6 14.59 14.16 14.45 7.06 7.57 7.50
7 14.70 14.86 14.14 7.64 7.84 6.99
8 14.55 14.22 14.20 7.66 6.97 6.98
9 14.53 14.63 14.51 7.39 7.30 7.10
10 14.66 14.63 14.81 6.73 7.22 7.20
11 14.50 14.62 14.82 6.82 6.95 6.98
12 14.78 14.56 14.65 7.37 7.37 7.55
13 14.42 14.77 13.97 7.20 6.96 7.14
14 14.73 14.49 14.78 6.82 6.99 7.19
15 14.67 14.75 14.39 6.95 7.60 7.04
Average 14.55 14.52 14.56 7.16 7.26 7.20
Table 8. ANOVA results for cut-pile and loop-pile samples
Sample ANOVA
Sum of Squares df Mean Square F Sig.
Between Groups 0.012 2 0.006 0.119 0.888
Cut-pile Within Groups 2.160 42 0.051
Total 2172 44
Between Groups 0.075 2 0.038 0.477 0.624
Loop-pile Within Groups 3.321 42 0.079
Total 3.397 44
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Table 9. Thickness measurement results of cut-pile and loop-pile
samples for determination of reproducibility by different

analyst
. Thickness measurements
Sample Specimen
Analyst 1 Analyst 2 Analyst 3
1 14.45 14.50 14.38
2 14.60 14.45 14.13
3 14.24 14.17 14.83
4 14.52 14.39 14.63
5 14.57 14.72 14.81
6 14.14 14.77 14.83
2 7 14.87 14.67 14.79
f,' 8 14.55 14.17 14.43
3 9 14.49 14.83 14.38
10 14.59 14.9 14.73
11 14.47 14.89 14.67
12 14.50 14.63 14.75
13 14.89 14.73 14.73
14 14.29 14.63 14.29
15 14.54 14.40 14.34
1 7.25 7.40 7.72
2 7.07 7.09 7.22
3 7.25 7.28 7.20
4 7.94 7.07 6.66
5 7.17 7.56 7.79
° 6 6.92 7.16 6.86
= 7 7.02 7.67 7.04
g. 8 6.98 7.17 7.50
3 9 7.10 6.99 7.43
10 7.43 7.26 7.06
11 7.32 7.21 7.21
12 7.47 7.50 7.08
13 7.00 7.33 7.55
14 6.97 7.34 6.91
15 6.83 7.20 7.46

ANOVA was carried out to analyze the obtained data. The
statistical analysis of the thickness measurements of the
cut-pile and the loop-pile carpet samples was accomplished
separately. The results of the data analysis are exhibited in
Table 10. The data is distributing normally. As the findings
of ANOVA show that, statistically, there is no significant
difference between the thickness measurement of the
technicians as the significance level is found to be 0.597
and 0.591> 0.05 for cut-pile and loop-pile, respectively.

Table 10. ANOVA results for cut-pile and loop-pile samples

ANOVA
Sample Sum of df Mean sig.
Squares Square
Between 0.52
%— Groups 0.052 2 0.026 5 0.597
< Within 2000 42 0050
O Groups
Total 2.142 44
@ Between 0.078 2 003 93 o501
= Groups 3
& Within
§ Groups 3.077 42 0.073
Total 3.155 44

3. CONCLUSION

The purpose of this study is designing and manufacturing a
multifunctional, innovative, automatic, and solo test device
that has the ability of measuring thickness loss after static

loading and storing test result in a digital environment.
Following the design process, the newly test device was
manufactured and a verification process was carried out to
know whether the test device is able to accurately measure
the thickness of samples. In the precision measurement,
repeatability and reproducibility were applied. Regarding
repeatability, thickness of the carpet samples was measured
under repeatability conditions while thickness measurement
of the carpet samples for reproducibility procedure was
carried out under two conditions as; a long period of time
and by different analysts, and by one analyst at different
time intervals. This research concentrated on thickness
measurements, and the applied load, 2kPa, was determined
using a load cell. For future work, the code for both brief
moderate loading test and prolonged loading test should be
written and identified for system. Following that, brief
moderate loading test and prolonged loading test should be
implemented utilizing the newly developed test device and
a reference test device for verification.

By using the SPSS software, the ANOVA was conducted. It
was found that for the cut-pile sample, statistically, there is
no significant difference  between the thickness
measurement of the technicians as the Sig. is found to be
0.597 > 0.05. In regard to the loop-pile sample, the Sig. was
found to be 0.591 > 0.05, which means that the newly
developed test device meets the reproducibility conditions.
The statistical results revealed that the new test device has
repeatability and reproducibility conditions.

As a conclusion the newly developed test device provides
true and precise thickness measurements and is capable of
applying all the required loads for thickness measurement
test, brief, moderate static loading test, and prolonged
heavy static loading test. Moreover, the repeatability and
reproducibility conditions are met using the test device.
Therefore, the newly designed test device is considered an
effective, accurate, precise and verified test device that can
be used for its advantage which can be concluded as;
accurately measuring the thickness of carpets, a solo test
device that can apply the static loading tests, all the test are
automatically conducted without an intervention from the
side of operator. Additionally, test results can be stored
automatically.

In the scope of this study, the used samples for testing are
two different types of carpets. For future work, other type
of textile materials can be tested, such us nonwoven fabrics,
3D fabrics, etc.
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ABSTRACT

In current economic conditions, one of the major problems in the textile and apparel industry is
unable to determine the unnecessary movements of resources (operators, machines, materials).
Especially during the production processes, to adjust and decrease the movements of the resources are
more difficult, because the focus is mostly on the workers and materials. “Method Study” has
developed for resolving these challenges. The string diagram which is one of the techniques of the
method study, helps to provide minimum movements of the resources during manufacturing
activities. In this study, the production activities of a clothing company were examined with the help
of the string diagram to achieve the objectives of eliminating unnecessary movements of the
resources, increasing the working speed, providing better working conditions, balancing the
production lines. So in the study, the current status of the production system and the parts to be
improved were determined. In this direction, the string diagram and line balancing methods were
applied for improvements and generation of a new layout plan. As a result of the research, the journal
distance of the pieces before sewing together for obtaining the end product was shortened by 39% and
the number of operators working in the line was reduced from 32 to 26.

ARTICLE HISTORY
Received: 28.08.2021
Accepted: 18.04.2022

KEYWORDS

Clothing industry, method
study, workflow, string
diagram, sweatshirt
production, line balancing

1. INTRODUCTION be recorded and evaluated. Then, according to these
evaluations, the flow and the working areas need to be
corrected in order to minimize the movement distance.
Since the clothing industry is a labor-intensive sector, the
number of employees is relatively high. In addition to this,
the materials used in production consist of many large and
small parts (for instance, the pieces of a shirt), and the
variety of machines used also prevents unnecessary

movements in production from being easily seen.

In a production environment, resources (operators and/or
materials and/or machines) have to move between the
predetermined stations necessarily or unnecessarily. These
unnecessary displacements cause mess, chaos, loss of time
and efficiency in the workplace. For this reason, it has
always been extremely important for companies to arrange
the workplace and the workflow by following the shortest
path from the entrance to the exit. A string diagram is a

scaled plan or a model to follow and measure the paths of
resources along a specific sequence of events. A resource to
be evaluated in the string diagram method is monitored as
the work moves from one station to another. Each station
where the resource moves, and if these movements are
long, the arrival and departure times need methodically to

The string diagram is frequently used alone or in
combination with other method study applications to detect
and eliminate unnecessary movements in  many
manufacturing and service industries. As a result of the
literature reviews on the subject, the following studies were
obtained.
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C. R. Duguay, S. Landry and F. Pasin compared the mass
production system with the agile production system in a
study they conducted in 1997. In this direction, the main
differences between the two systems were stated. So, at the
end of this study, the importance of the agile system and
agile operators were mentioned [1]. In a study conducted by
R. Quintana in 1998, they examined the suitability of
American companies to lean and agile production systems
in order to maintain their competitive advantage [2]. Liu G
and Fu Y. investigated the motion of satellites in space
using the string diagram in a study that they conducted in
2001. By analyzing these movements in the light of the data
obtained, it was proven that the string diagram could be
used effectively in different disciplines as well [3]. In a
study conducted by Lozier and Gawarkiewicz in 2001, the
string diagram was used to examine the movements of
boats of different sizes along the bay [4]. Donahue used a
string diagram to observe nurses working in a hospital in
2009. The study aimed to reduce the lost time of nurses by
detecting and eliminating unnecessary movements.
Accordingly, thanks to the method, the way nurses traveled
during the day was modeled. This time saved has been
allocated to patient care [5]. In 2009, Aakre et al. used the
string diagram to determine a flow chart of patients who
came to a hospital for bone densitometer measurement. As
a result of preparing the hospital's current and improved
situation with the help of the string diagram, they enabled
patients to complete their treatment with covering less
distance [6]. In a study conducted by Bevilacqua et al. in
2015, a lean applications study was carried out on the
packaging line of a pharmaceutical company. In this
direction, they managed to reduce the total process time by
50% and increase the overall equipment efficiency by 25%
using the string diagram [7]. In a study conducted by
Ferreira et al. in 2015, new tools have been developed to
apply lean manufacturing practices in different sectors over
the years. In the research, a roadmap for the application of
lean manufacturing methods in industrial settings was
proposed [8]. In a study by Gebrehiwet and Odhuno in
2017, various improvement scenarios related to the way of
doing business and layout were presented. First of all, an
enterprise's current status was examined, and then the
current situations were rearranged with line balancing
methods. In the new case created due to the study,
productivity by 25.74%, performance by 35.5% was
increased, and the production per hour was increased from
49 to 68 pieces [9]. In a 2018 study by Chan and Tay, they
tried to combine lean manufacturing techniques to increase
productivity and achieve defined goals in a printing
company. In this direction, between 10-30% productivity
raise was achieved in the assembly line of the printing
company. As a result of the study, it was suggested to use
lean production techniques by combining them [10].

Glingdr and Agac in 2014 were analysed the small scale
companies’ assembly lines with line balancing technique.
They used COMSOAL which is meta-intuitive algorithm to
evaluate the data from the assembly line [20]. Manaye in
2019 aimed on increasing the accuracy of process times and

work rearrangements among the operators and wors stations
line balancing techniques. At the end of the study, the
production capacity was increased from 850 t-shirts to 1768
daily and the line efficiency was improved from 69,8% to
76,4% with the help of the line balancing methods [21]. In
2021, Paredes et al. made an application of the line
balancing method in a clothing company. At the end of this
study, they proposed a solution model optimize the
production process. Results reveal the usefulness of the
optimization tools for improving both efficiency and
revenue at the company level [22]. Amira and Nejib in
2021 were analysed the parameters that influence the
decline in production. After the line balancing
implementations, the results showed that, the parameter
“Machine failures” had a 34.6% effect on production, and
“lack of versatility” 19.7%, while the parameter “heavy
launch” had an effect of 17.1%, “lack of supplies” 9%,
touch-ups 3%, and “lack of cut parts” 2% [23].

Within the scope of this study, firstly a garment was selected
for following each manufacturing step in a clothing company
that produces mostly knitted garments. The workflow that the
materials went through during the transformation into the
final product was determined. Accordingly, shortening the
workflow path, rising efficiency, and accelerating the flow as
much as possible were aimed.

2. MATERIAL AND METHOD
a. Material

This study was carried out in a clothing company. The
product features whose production process was examined in
the company are as follows (Table 1).

The model examined has embroidery on the front body and
a zipper on the collar. Each product has 1 ornament tag, 1
washing instruction, 1 size tag, and 1 belt tag. The
production stages of the model and the machines used are
shown in Table 2.

The company where the study was conducted consists of 2
floors. The characteristics of the floors and the number of
machines on these floors are shown in the tables below
(Table 3).

While the basement was organized in accordance with
fabric spreading and cutting processes, the first floor was
for sewing, ironing, packaging, and quality control
processes. Accordingly, there were 1 foreman and 13 laying
and cutting operators in the basement, and 2 foremen and
51 sewing operators on the first floor.

b. Method

The method to be used in examining the selected product
was the string diagram. The string diagram is one of the
most useful techniques of method study. It is a scaled plan
or model made by entangling a thread to track and measure
the movement paths of resources along a specific sequence
of events [11].
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Table 1. Examined product

Product Group: Male Top Group
Product Type: Fleece Sweatshirt
Fabric: 100% PES

Color: Turquoise

Daily Production: 1250 pieces

Table 2. Operation sequence and machines

Operation Machine

Lockstitch Machine
Lockstitch Machine
Lockstitch Machine
Overlock Machine
Lockstitch Machine
Handwork
Lockstitch Machine
Overlock Machine
Coverstitch Machine
Overlock Machine
Overlock Machine
Lockstitch Machine
Lockstitch Machine
Lockstitch Machine
Lockstitch Machine
Lockstitch Machine
Overlock Machine
Overlock Machine
Coverstitch Machine
Coverstitch Machine
Lockstitch Machine

1-Attaching Ornament Tag

2- Attaching Washing Instructions
3- Preparation of Fly Tip

4- Fly Overcast

5- Fly and Zipper Seam

6- Fly Place Marking

7- Attaching Fly to the Body Pieces
8- Shoulders Combining (front-back)
9- Shoulder Flatlock

10- Collar Preparation

11- Collar Attaching

12- Zipper Attaching

13- Facing

14- Collar Foot Stitch

15- Collar End Stitch

16- Front Foot Stitch

17- Sleeves Setting

18- Side Seam

19- Hemline Flatlock

20- Sleeve Flatlock

21- Attaching a Folding Tag

Table 3. Floors and machines

Warehouses

Sorting area

1 roll fabric opening machine
1 fabric spreading table

1 cutting table (cutter)

1 fabric control table

3 wheeled shelf system

1 transport trolley

Placing baskets

1 foreman -

2
250 m 13 operators

Basement

Sorting shelf

15 lockstitch machines
8 overlock machines

5 coverstitch machines
4 sorting table

1 handwork table

2 meto label table

2 thread cleaning table
4 precontrol table

2 final control table

1 packaging table
Transfer baskets

2 foreman -
51 operators

First floor | 420 m?

The string diagram is a scaled diagram that provides to
show the movement paths of the resources in their own
manufacturing processes. Like the method study schemes,
the string diagram is prepared on the basis of the process,
showing the entire process without going into details. On a
scaled sketch of the workplace, the method tries to
determine between which stations and how often the source
travels, by counting the threads that a source passed
through the stations [12].

Surgery

Treat 1 Riom

Treat 2

Figure 1. A string diagram example

Preparation of the string diagram starts like other method
studies; Firstly, all events related to direct observation are
recorded. The work-study expert watches the resource of
interest during it moves from one point to another as the
work is performed. If the expert gives a sign such as
numbers, letters to various machines, warehouses, and other
points during the examination, the work will be followed in
a simpler way [13].

This recording process continues until the work-study expert
is sure about having enough information to show the
resource's movements. This period can be a few hours, a day,
or longer. Thus, the expert can obtain all the information
about all the movements made by the source and how often
these movements are repeated relatively. If the expert
observes only a part of the sequence of movements made by
the source, the study will be insufficient and cause to reach
wrong conclusions. Also, during such a study, the source
may have used a different path than the standard route. A
string diagram can be created, only when the expert believes
that he/she has obtained the necessary and enough
information and be sure that there is no unobserved
movement. Additionally, he/she should check all the
gathered information together with someone who observes
the manufacturing activities continuously, such as a foreman,
to avoid missing something out [13].

Machinery, equipment, warehouses, and all points should
be drawn to scale. In addition to these, doors, pillars and
partitions that have effects on movement paths should be
shown. In the conventional technique, the completed plan
should be placed on a soft board and pinned with pins to be
put on the "stop” points shown in the plan. The remaining
part of the needle should not be less than 1 cm. At the same
time, pins should be placed at turning points on the path.
Then a measured piece of thread is taken and wrapped
around the needle located at the starting point of the
movements. The thread is then wrapped around the needles
at the other points in the order shown on the study until all
the movements are completed. As a result, a complete
string diagram can be obtained that shows the resource's all
motion paths [14]. Today, some computer software can be
used in the drawings to be made in this direction.

In order to eliminate unnecessary movements in the study,
the line balancing method was also applied to the
production line with the string diagram. The traditional
assembly line balancing problem considers the production
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process in which products are created by assigning tasks
sequentially to different workstations. The distribution of
tasks among stations depends on the time unit required to
complete each task as well as the existing priority
constraints between tasks. The product is allowed to stay in
each station for a maximum of the cycle time. [15]

There are 2 options in the traditional line balancing problem
scenario. One of them is to minimize the required number of
stations by fixing the cycle time. The other is the
minimization of cycle time in a fixed number of stations [16].
To achieve these objectives, assigning tasks to sequential
workstations is called line balancing, with providing the
priority relationships are not violated and cycle time is not
exceeded. In this study, the required number of stations is
minimized by taking the cycle into account.

3. FINDINGS

Following the examinations and follow-up procedures for
the production of the selected product, first of all, the
current situation of the company was prepared by the string
diagram method. With the studies on the current situation
and the calculations of the distance traveled by the product,
some implementations were made to shorten this distance.

In the basement of the company, the spreading and cutting
processes of the fabrics were completed. Afterward, the cut
pieces were carried to the 1st floor by elevators after going
through the meto labeling processes. On the 1st floor, the
cut pieces were shipped to the production line. After

sewing, the products were transferred to yarn cleaning,
ironing, and packaging processes. Findings of the whole
process were given below (Figure 2-3).

As a result of the examinations and studies carried out in
the company, no reorganization was required due to the
volumetric size of the tables and other immovable materials
used in the basement. Also, improvements were made only
on the 1st floor. The current and improved situation of the
floors were drawn with Microsoft Visio Standard 2019
software. Drawings were created in a 1/100 ratio.

a. The Current Flow
Basement

The way the raw material is spread and cut in the company
is as shown below (Figure 2).

The 1% Floor

Similarly, the flow on the 1st floor of the company is as
follows. The arrow colors and names used in displaying the
flow are also shown in Figure 3.

In the Figure 3, the numbers refer the operation numbers
and the letters refer the operators in Table 5. According to
this configuration, the operators, operation numbers,
processes and machines were indicated in Table 5.

The processes applied to the product at each station on the
1st floor are shown in the table below (Table 6).

Table 5. Current 1% floor — operators, operations and machines

OPERATOR OPERATION NO PROCESS MACHINES
A 16 Attaching Ornament Tag Lockstitch Machine
B 17 Attaching Washing Instructions Lockstitch Machine
C 18 Preparation of Fly Tip Lockstitch Machine
D 19 Fly Overcast Overlock Machine
E 20 Fly and Zipper Seam Lockstitch Machine
F 21 Fly Place Marking Handwork
G 22 Attaching Fly to the Body Pieces Lockstitch Machine
H 23 Shoulders Combining (front-back) Overlock Machine
| 24 Shoulder Flatlock Coverstitch Machine
J 25 Collar Preparation Overlock Machine
K 26 Collar Attaching Overlock Machine
L 27 Zipper Attaching Lockstitch Machine
M 27 Zipper Attaching Lockstitch Machine
N 28 Facing Lockstitch Machine
(0] 29 Sorting Sorting Table
P 30 Collar Foot Stitch Lockstitch Machine
R 30 Collar Foot Stitch Lockstitch Machine
S 31 Collar End Stitch Lockstitch Machine
T 32 Front Foot Stitch Lockstitch Machine
U 31 Collar End Stitch Lockstitch Machine
\Y 32 Front Foot Stitch Lockstitch Machine
Y 33 Sorting Sorting Table
Zz 34 Sleeves Setting Overlock Machine
AA 34 Sleeves Setting Overlock Machine
AB 35 Sorting Sorting Table
AC 36 Side Seam Overlock Machine
AD 36 Side Seam Overlock Machine
AE 37 Hemline Flatlock Coverstitch Machine
AF 37 Hemline Flatlock Coverstitch Machine
AG 38 Sleeves Flatlock Coverstitch Machine
AH 38 Sleeves Flatlock Coverstitch Machine
Al 42 Attaching a Folding Tag Lockstitch Machine
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Table 4. Basement workflow

Process Numbers

Processes

(1-2)
(2-3)
(3-4)
(4-5)
(5-6)
(6-7)
(7-8)
(8-9)
(9-10)
(10-11)
(11-12)
(13)
(13-14)

The company supplies the fabrics required for production.

Purchased fabrics are transported from the entrance door to the warehouse.

Fabrics are transferred from the warehouse to the roll fabric opening machine.

The rolls are transferred to the spreading table.

After the spreading processes, fabrics are brought to the cutter for cutting.

The cut pieces are kept in the sorting area.

The parts are brought to the control table for checking the cutting process.

The front pieces are sent to the exit for the embroidery process.

Pieces coming from embroidery are brought to the control table.

After the control process is completed, all pieces are transferred to the meto labeling table.
The pieces are placed in a wheeled rack system.

Baskets are placed on the trolley.

Meanwhile, accessories are brought from the warehouse and placed in the trolley.

In order for the pieces to enter production line, the transport car is brought to the elevator and raised to the 1st floor.

Table 6. The 1% floor - current workflow

OPERATION NO

PROCESSES

(15)
(15-16)
(16-17)
(15-18)
(18-19)
(19-20)
(20-21)
(21-22)
(22-23)
(15-23)
(23-24)
(24-25)
(15-25)
(25-26)

(26-27)

(27-28)
(28-29)
(29-30)
(30-31)
(31-32)
(32-33)
(15-33)
(33-34)
(34-35)
(35-36)
(36-37)
(37-38)
(38-39)
(39-40)
(40-41)
(41-42)
(42-43)
(43-44)
(44-45)
(45-46)
(46-47)
(47-48-49)

Pieces come from basement are placed to the sorting table

From sorting table to the Operator-A for attaching the ornament tag

Then pieces come to the Operator-B for attaching the washing instructions and send to sorting table back
Front pieces come from the sorting table to Operator-C for preparation of fly tips

The pieces are brought to the Operator-D for fly overcast

The Operator-C gets pieces for the fly and zipper seam

The pieces are brought to the Operator-F for fly place marking (handwork)

After the marking processes, pieces are sent to the Operator-G for attaching fly to the body pieces

Front pieces are brought to the Operator-H for shoulders combining process. At the same time, the back pieces that are
waiting on the sorting table are brought to the Operator-H as well for the same process

The pieces are sent to the Operator-I for shoulder flatlock stitches
Pieces then comes to the Operator-J and at the same time the collar pieces are brought for collar preparation process

After the preparation process, pieces are brought to the Operator-K for collar attaching

The pieces coming out of the Operator-K are divided into two and brought to the Operator-L and Operator-M for zipper
attaching

After the zipper attaching processes, the pieces are brought to the Operator-N for facing

Then the pieces come to Operator-O for sorting (handwork)

The pieces are brought to Operator-P and Operator-R from the sorting table for collar foot stitch
The pieces are sent to Operator-S and Operator-U for collar end stitches

The pieces are brought to the Operator-T and Operator-V for front foot stitches

The pieces are brought to the Operator-Y for sorting process. At the same time, sleeves also are brought to this sorting table

The pieces after this matching process are brought to the Operator-Z and Operator-AA for sleeves setting processes
Then the pieces come to the Operator-AB for sorting

The pieces are sent to the Operator-AC and Operator-AD for side seam

The pieces are brought to the Operator-AE and Operator-AF for hemline flatlock

The pieces are then brought to the Operator-AG and Operator-AH for sleeves flatlock
After that the pieces are brought to the meto label removing table

Then they are sent to the thread trimming table

The pieces are brought to the first control table for controlling in detail

Then the pieces are sent to Operator-Al for attaching a folding tag process

Then the products are brought to the ironing processes

The products then sent to the final control table

The products are brought to the folding table

The products are brought to the packaging table

The products are brought to the package sorting table

The packages are brought to the transfer corner

The shipping processes.
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As a result of the analysis, in the current situation of the 1st
floor of the company, a total of 32 operators and 28
machines were employed only on the sewing line
(excluding control and packaging processes). It has been
observed that the pieces traveled 51m 5cm in the 250 m2
area on the basement and 108m 9cm in the 420 m2 space
on the 1% floor until turning into the final product form,
starting from the first station of raw material warehouse.

b. 1st Floor New Layout

Within the scope of the study, in order to minimize the
distance that materials traveled in the sewing line and to re-
establish the band with the optimum number of machines
and operators, the line balancing application was also
carried out on the line with the string diagram. Firstly, the
number of machines allocated for the order in question, the
number of operators, the daily working time, and the
standard times of each operation were recorded.

Standard times calculation procedures were carried out on
each production activity according to the time study

method.  After that, during the line balancing
implementations, the standard times and the daily
production numbers were taken into account. Subsequently,
the reorganization processes were carried out with the
string diagram. As a result of these method
implementations and practices, the sewing line's new
improved layout was generated. In this direction, the
distance traveled by the materials while transforming into
the sweatshirt was measured in the latest status of the
sewing line, as well.

The new layout obtained as a result of the string diagram
and line balancing applications performed for eliminating
the unnecessary movements of the materials on the 1st floor
current form is as follows (Figure 4).

The operations performed at each station on the new 1st
floor were shown in the table below (Table 8). In addition,
unlike the current situation, the decisions taken to make the
flow more regular were specified in each operation step.

Table 7. New layout 1* floor — operators, operations, machines and times

. - Time Time
Operator Ope':’l'gtlon Process Machine St((js'(le'clgne O(L;g;;n Needed Remaining
(Min) (Min)
A 16 Attaching Ornament Tag Lockstitch Machine 9.00 1250 188
A 17 Attalcnr;'t'r‘gc\t’i\gas?'"g Lockstitch Machine 13.00 1250 27 22
B 18 Preparation of Fly Tip Lockstitch Machine 22.40 1250 467 13
C 19 Fly Overcast Overlock Machine 20.80 1250 433 47
D 20 Fly and Zipper Seam Lockstitch Machine 35.70 1250 744
E 20 Fly and Zipper Seam Lockstitch Machine 35.70 1250 744
E 21 Fly Place Marking Handwork 9.00 1250 188 29
F 22 AtechingFly lothe Body Lockstitch Machine 21.00 1250 438 43
G 23 Shou(l?r%rsti(;rggmlng Overlock Machine 31.20 1250 650
24 Shoulder Flatlock Coverstitch Machine 22.90 1250 477 3
I 23 Sho“('?rirsti‘;ggm'”g Overlock Machine 31.20 1250 650 3
| 25 Collar Preparation Overlock Machine 15.00 1250 313
J 26 Collar Attaching Overlock Machine 44.20 1250 921
K 26 Collar Attaching Overlock Machine 44.20 1250 921 39
L 27 Zipper Attaching Lockstitch Machine 46.20 1250 963
M 27 Zipper Attaching Lockstitch Machine 46.20 1250 963 -3
N 28 Facing Lockstitch Machine 22.00 1250 458 22
O 29 Collar Foot Stitch Lockstitch Machine 23.40 1250 488 -8
P 30 Collar End Stitch Lockstitch Machine 45.00 1250 938
R 30 Collar End Stitch Lockstitch Machine 45.00 1250 938
R 31 Front Foot Stitch Lockstitch Machine 47.10 1250 981 1
S 31 Front Foot Stitch Lockstitch Machine 47.10 1250 981
T 31 Front Foot Stitch Lockstitch Machine 47.10 1250 981
U 32 Sleeves Setting Overlock Machine 49.40 1250 1029
\Y 32 Sleeves Setting Overlock Machine 49.40 1250 1029
Y 33 Side Seam Overlock Machine 42.40 1250 883
Z 33 Side Seam Overlock Machine 42.40 1250 883 77
z 32 Sleeves Setting Overlock Machine 49.40 1250 1029 7
AA 34 Hemline Flatlock Coverstitch Machine 23.20 1250 483 -3
AB 35 Sleeve Flatlock Coverstitch Machine 23.00 1250 479 1
AC 36 Attaching a Folding Tag Lockstitch Machine 20.00 1250 417 63
Total 668.60 sec
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In the quality-control, ironing and packaging area, the
positions of the tables were changed to make the operators
move less with the material. In this direction, the tables were
mostly placed parallel to each other. Thus, it is thought that
this area was relieved by a path between the tables.

As a result of the improvements applied with the string
diagram and line balancing technique, 26 operators and 26
machines in total were employed in the production of the
sweatshirt only in the sewing line (excluding control and
packaging processes) in the new situation pf the 1st floor of
the company.

Accordingly, while this transformation to the sweatshirt, the
pieces took 108m and 9cm in current situation. This
distance was reduced to 66m and 3cm in the new layout.
Thus, improvements were made to complete manufacturing
steps of the swearshirt with around 39% less traveling of
the pieces in the sewing room.

oor new layout

4. RESULTS AND DISCUSSIONS

Method study implementations are among the most
frequently used methods to solve problems such as
blockages in the work flow, delays, waiting for pieces, idle
times or overloading of machines, not being able to use the
factory area efficiently and delaying delivery times to the
customer and so on, encountered in manufacturing industry.
Finding solutions to this kind of problems has become even
more important in dynamic sectors such as the clothing
sector, where a large number of people work and orders are
made with short deadlines. In this study, minimizing the
biggest problems experienced in clothing industry, such as
excessive accumulation of end products or pieces of them
in unnecessary places, ergonomic complaints of the
employee in the workplace, unnecessary extension of
production time, unnecessary transportations, were aimed
to minimize and/or eliminate.
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Table 8. The 1% floor — new workflow

OPERATION NO

PROCESSES

(15)
(15-16-17)

(15-18)
(18-19)
(19-20)

(20-21)

(21-22)
(22-23)

(23-24)
(24-25)

(25-26)

(26-27)

(27-28)
(28-29)
(29-30)
(30-31)

(31-32)

(32-33)

(33-34)
(34-35)

(35-36)

(36-37)
(37-38)
(38-39)
(39-40)
(40-41)
(41-42)
(42-43)
(43-44)
(44-45)
(45-46-47)

Pieces come from basement are placed to the sorting table

The pieces are sent to the Operator-A for the processes of attaching ornament tag and attaching washing
instructions

(Operator-A does these both processes)

Front pieces come from the sorting table to Operator-B for preparation of fly tips

The pieces are brought to the Operator-C for fly overcast

The pieces are sent to Operator-D and Operator-E for the fly and zipper seam

(The fly and zipper seam processes are done by 2 different operators to provide a more optimum flow)
Operator-E does the fly place marking process his/her own remaining time

(Operator-E moves to the table for the process number-21 in the remaining time.)

After the marking processes, pieces are sent to the Operator-F for attaching fly to the body pieces

The pieces after the fly processes from Operator-F and washing instruction processes from Operator-A are
brought to the Operator-G and Operator-1 for the shoulders combining (front and back) processes
(Operator-1 also does the shoulders combining process with the collar preparation process due to
available time remaining)

The pieces are sent to the Operator-H for shoulder flatlock stitches

The pieces then comes to the Operator-I and at the same time the collar pieces are brought for collar
preparation process

After the preparation process, the pieces are brought to the Operator-J and the Operator-K for collar
attaching

(As a result of the line balancing processes, collar attaching process is done by 2 operators)

The pieces coming out of the Operator-J and Operator-K are brought to the Operator-L and Operator-M for
zipper attaching

After the zipper attaching processes, the pieces are brought to the Operator-N for facing
The pieces are brought to Operator-O for collar foot stitch

The pieces are sent to Operator-P and Operator-R for collar end stitches

The pieces are brought to the Operator-S and Operator-T for front foot stitches

(This process is also done by the Operator-R that has enough remaining time, in order to provide a better
flow)

The pieces are brought to the Operator-U, Operator-V and Operator-Z for sleeves setting processes

(Sleeves pieces wait on the middle table)

The pieces are sent to the Operator-Y and Operator-Z for side seam

(The Operator-Z also does the sleeves setting process and side seam process due to available time
remaining)

The pieces are brought to the Operator-AA for hemline flatlock

(As a result of the line balancing processes, hemline flatlock process is done by just 1 operator)

The pieces are then brought to the Operator-AB for sleeves flatlock

(As a result of the line balancing processes, sleeves flatlock process is done by just 1 operator)

Then the pieces are sent to Operator-AC for attaching a folding tag process

(It has been decided that there is no need to perform a first control just before attaching a folding tag, for
that reason this process is placed at the end of the sewing line)

The products are brought to vehicle

After that the products are brought to the meto label removing table
Then they are sent to the thread trimming table

The pieces are brought to the first control table for controlling in detail
Then the products are brought to the ironing processes

The products then sent to the final control table

The products are brought to the folding table

The products are brought to the packaging table

The products are brought to the package sorting table

The packages are brought to the transfer corner

The shipping processes.
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Sewing department is one of the most important
departments in textile and apparel industry and an efficient
line balancing improves motivation of the workers and
benefit of the establishment. The line balancing method is
of great importance in apparel manufacturing processes
having a large number of employees. As one of the method
study techniques, the string diagram provides to measure all
the faults in their current situation in the most effective way
and allow the numerical values of the improvements to be
made as a result of observations [17]. Also in the study, the
string diagram was contributed with the line balancing
method.

In this study, the whole production process of a sweatshirt
was examined. After all the examinations were carried out
in the production, the sewing line needed to be reorganised
mode urgently throughout the production process. In this
direction, it is thought that all unnecessary activities were
eliminated, and the most appropriate layout was generated.
To obtain a more effective and permanent layout plan,
while the string diagram was applied on the sewing line, the
standard times of each operation were also calculated for
supporting the diagram with line balancing method.
Production line balancing is of great importance in apparel
manufacturing processes which works a large number of
employees [18].

Unnecessary movements in the production line were
eliminated owing to the method. In parallel with this, it is
thought that by shortening the work flow path, the time of
transformation of materials to end product was reduced. In
addition, it is thought that the delivery time and the new
product processes into production were accelerated, and
thus the factory area was used more efficiently.
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ABSTRACT

Workwears are produced to protect the wearer against occupational or environmental hazards. One of
the shared properties of several workwear types is resisting external forces during occupation. As for
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workwear fabrics, the seams of the workwear should be strong enough to resist uniaxial or multiaxial
forces to maintain the properties in the cut and sewn parts of the garment. Therefore, in this study,
effects of different stitch types and their combinations on the workwear seam strength and bursting

strength were evaluated. According to results, a 2-step failure was observed at the seam strength tests

KEYWORDS

of samples those contained stitch combinations. Here, the main function of the second stitch row was

to form a safety stitch rather than increasing the overall performance. Contrarily, usage of stitch
combinations obviously contributed to the seam bursting strengths. In this case, the stitch rows
responded to the bursting forces together therefore the bursting failures occurred in 1-step.

1. INTRODUCTION

Fabrics can be gathered together via different assembling
methods in order to form 3-dimensional garments and other
textile end-products. Stitching is the most common
assembling method, as it is easy to apply, cheap and
suitable for most of the applications [1, 2]. In textile
industry, six standard classes of stitches are used as chain
stitch, hand stitch, lock stitch, overlock stitch, multi-yarn
chain stitch and cover stitch [3, 4]. These stitch types
provide advantages in different applications. For example,
lock stitch is a universal stitch type that can be applied to
both woven and knitted fabrics. It has low vyarn
consumption and it is very secure. In contrast, single yarn
chain stitch is preferred for temporary seams as it is easy to
unstitch [1, 2].

For workwear, thicker and heavier fabrics are preferred in
order to resist external forces during occupation and to
provide protection to the wearer. Specialty fibers or
traditional synthetic/natural fibers can be utilized for these
fabrics in order to balance the performance and the cost of
the end-product [5-7]. As for workwear fabrics, seams of

Seam bursting, seam strength,
workwear, stitch types, stitch
combinations

the workwear should be strong enough to resist the forces.
Therefore, seam properties of workwear should be
investigated properly in order to maintain the unsewn fabric
properties.

In the literature, there are many research studies that
subjected the seam strength of different classical fabrics for
various end-products [8-21]. Lock stitch was used in most
of these studies, as the lock stitch machine is the most
available sewing machine. Also, in recent years, effects of
other stitch types on the seam strength and other seam
properties were evaluated [22-26]. On the other hand, there
is a very limited number of research studies on the bursting
strength of sewn fabrics. In one of the related studies,
effects of different seam types (sewn with stitch type 1SO
401) on the multiaxial strength of selected woven and
knitted fabrics were determined [27]. In another study, the
multiaxial seam strength of sewn automobile seat covers
(sewn with lock stitch) was determined by a self- developed
bursting apparatus [28]. Rajput et al studied the effects of 3
stitch types, 3 fabric types and sewing yarn fineness on the
hydraulic bursting strength of knitted fabrics [29].
Yesilpinar investigated the effect of different sewing

To cite this article: Kara S. 2022. Effects of different stitch types and stitch combinations on the seam bursting strength and seam

strength of workwear. Tekstil ve Konfeksiyon 32(2), 146-154.
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techniques (lock stitch techniques) on the bursting strength
of apparel fabric [30].

As seen from the literature search, seam properties of
workwear are very important as they ensure the continuity
of the fabric properties in the joint areas. Although the
uniaxial seam strengths of different fabrics were determined
in several studies, seam efficiency of different stitch types
and multiaxial strength (bursting strength) of workwear
fabrics have not been studied in details, yet. Therefore, the
main goal of this study was to evaluate the effects of
different stitch types and stitch combinations on the
uniaxial seam strength and bursting strength (multiaxial
seam strength) of sewn workwear fabrics. This study differs
from the literature as it determines the bursting strength of
seams and as it compares 7 types of different stitch
types/combinations for workwear.

2. MATERIALS AND METHODS

2.1 Materials

A cotton/polyester blend fabric was used as it was suitable
to be used for workwear [6, 7, 31]. Properties of the fabric
are given in Table 1. Sewing yarn was a 2 ply, 60 tex
polyester corespun yarn that was also suitable for workwear
(Coats Epic). Breaking strength of the sewing yarn was
34.5 N and breaking strain was 29 % (tested according to
TS EN I1SO 2062 [32]).

2.2 Methods

2.2.1 Sample preparation

For this study, both reference (non-sewn) samples and sewn
samples were prepared in order to make comparisons.
Overall, 7 types of seams were produced by using different
stitch types and their combinations as shown in Table 2. As
the basic stitch types; lock stitch, 2-yarn chain stitch and 3-
yarn overlock stitch were used. Stitch combinations were
also formed by using “2-row lock stitch”, “2-row-2-yarn

chain stitch”, “3-yarn overlock + lock stitch” and “3-yarn
overlock + 2-yarn chain stitch”. The sample codes, stitch
schematics and important stitch dimensions such as seam
allowance and distances between stitch rows are given in
Table 2. Stitch densities for all types of stitches were 3
stitches/cm. Seam allowances were folded in the back side
of fabric and ironed before conditioning the test samples.

For all samples, seams were formed both in warp direction
and weft direction as shown in Figure 1. Seam strength and
bursting strength tests of samples were performed for warp
and weft samples. All the samples were conditioned under
standard atmosphere conditions (204+2°C, 65+4 % relative
humidity) for 24 h before the tests.

sgom

‘Warp direction

Warp sample Weft zample

weft direction

Figure 1. Seam placements and sample definition [33]
2.2.2 Seam strength

Seam strength of samples were determined according to TS
EN ISO 13935-2: 2014 standard [34], utilizing Instron 4411
Tensile Tester. Seam strength, strain and failure type of
samples were recorded. Also, non-sewn samples were
exposed to the same test as reference fabric. Tests were
repeated 5 times for each sample type. Representation of
seam strength test can be seen in Figure 2.

2.2.3 Seam efficiency calculation

Seam efficiency of samples were calculated by using
reference sample strength and seam strengths of sewn
samples, by using Equation 1 (ASTM D1683/D1683M — 17

[35]).

Table 1. Fabric properties

- Unit mass Thickness Warp density Weft density
Raw material Weave
(g/m?) (mm) (yarns/cm) (yarns/cm)
35% cotton .
2/2 2 4 1 19.1
65% polyester /2 warp rib 80 0.46 55 9
Sewn sample
5 Seam placement
> Jaws
Figure 2. Real image and pictorial representation of uniaxial seam strength test
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Table 2. Sample codes and seam/stitch information of sewn samples

Stitch schematics and

Main stitch type Sub stitch type dimensions Sample code
Non-sewn reference sample - - No seam
8 mm
1-row Lockl
—oi
——Io
Lock stitch (301) 8 mm
2-rows -I. Lock2
6 mm
8mm
1-row Chainl
B—H=
. . 8mm
Chain stitch (401)
2-rows 1 Chain2
6 mm
4mm
3-yarn
y ov3
1-row
B3
A mm
5-yarns
2-rows === Ov3Lock
Overlock stitch (3-yarn ov.+ 301)
4 mm
5-yarn 4mm
2-rows
(3-yarn ov.+ 401)
— Ov3Chain
4 mm
. 5 Etr h
Seam efficiency (%) = E(%) = —Eam ETRRETY 4 100 (1)

2.2.4 Bursting strength

Bursting strength of samples were determined according to
ASTM D6797 — 15 standard [36], utilizing Instron 4411
Tensile Tester with a ball-burst attachment. Sample size
was kept as 14 cm x 14 cm and the test speed was 300

Fabric strength

mm/min. Tests were repeated 5 times for each sample type.
Bursting strength, movement distance of the ball apparatus
when the sample bursted, and the failure type of specimens
were recorded as the test outputs. Representation of seam
bursting strength test can be seen in Figure 3.
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2.2.5 Seam bursting efficiency calculation

Seam bursting efficiency of samples were calculated as
given in Equation 2, similar to the standard seam efficiency
equation given in Equation 1. “Seam bursting efficiency”
was derived by the author in order reveal how the seams
were durable against bursting when compared to non-sewn
reference samples.

2.2.6 Statistical analysis

SPSS Package Program version 22 was utilized to compare
the seam strength, strain, bursting strength and bursting
height results of different sample types, statistically. In the
first step, normality of data was examined by considering
Shapiro-Wilk test, histograms, variation coefficients (%),
Skewness/Kurtosis values and Q-Q plots. For normally
distributed data, One-way ANOVA analysis were
performed. For pairwise comparisons, Tukey and Games-
Howell tests were used, for homogeneous and non-
homogenous variance, respectively.

For data, which were not-normally distributed, Kruskal-
Wallis analysis were performed. Pairwise comparisons of
not-normally distributed data was made by using Mann
Whitney U test.

3. RESULTS AND DISCUSSION
3.1 Seam Strength and Seam Efficiency Results

Seam strength results of samples are given in Table 3, with
standard deviation values. The samples which were sewn
with stitch combinations (Lock2, Chain2, Ov3Lock and
Ov3Chain) failed at 2 steps. At the first step, the inner stitch
row broke and the second stitch row that was near to the
seam allowance edge, remained safe. These samples were
clamped to the machine and a second test cycle was applied
in order to break the second row of stitches. Therefore,
seam strength results are given for first breaking cycle and
second breaking cycle for these samples. Also, seam
efficiency results of the samples are given in Table 4. The
strain, seam strength and seam efficieny values given for
second cycle were directly obtained from the second cycle
breaks, so that they were not cumulative data. As the seam
break downs were independent in the test cycles, the first
cycle and second cycle seam properties are evaluated
separately, rather than computing overall seam strength,
strain or seam efficiency values.

——— > Ball burst attachment

Sewn sample

|

Figure 3. Real image and pictorial representation of bursting (multiaxial seam strength) test

Seam bursting efficiency (%) = BE (%) = Fsﬂe}::czt::;ggze;f;h =100 2
Table 3. Seam strength results of samples
Seam strength- First cycle Seam strength - Second cycle
Warp Weft Warp Weft
Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev.
Sample code N) (N) (N) (N) (N) N) N) N)
No seam 1107.00 32.24 855.52 15.76 / / / /
Lockl 404.98 33.46 389.30 23.06 / / / /
Lock? 466.28 17.85 392.76 31.36 522.52 29.76 348.76 155.55
Chainl 486.02 39.04 437.80 43.99 / / / /
Chain2 479.78 34.82 384.62 20.41 560.48 72.03 481.02 25.95
ov3 490.80 85.32 383.88 22.27 / / / /
ov3Lock 419.08 19.21 381.96 16.48 490.04 43.49 435.52 35.14
Ov3Chain 494.04 31.36 464.54 15.08 555.73 37.07 442.80 39.68
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Table 4. Seam efficiency results of samples

Seam efficiency- First cycle

Seam efficiency- Second cycle

Sample code

Warp (%) Weft (%) Warp (%) Weft (%)
No seam / / / /
Lockl 36.58 45.50 / /
Lock2 42.12 45.91 47.20 40.77
Chainl 43.90 51.17 / /
Chain2 43.34 44.96 50.63 56.23
Ov3 44.34 44.87 / /
Ov3Lock 37.86 44.65 44.27 50.91
Ov3Chain 44.63 54.30 50.20 51.76

Seam strength results of samples are visualized for first
breaking cycle, in Figure 4.a. According to results, strength
of non-sewn samples was 1107 N in warp direction and 856
N in weft direction and they were significantly higher when
compared to sewn samples’ results (Sig. values< 0.05).
Seam strength of sewn samples were lower than 555 N in
both warp and weft directions (Table 3) and the highest
seam efficiency was calculated around 55% (Table 4). The
highest seam strength and seam efficiency values were
obtained for Ov3Chain samples in first cycle of tests. The
seam strength increment of Ov3Chain sample was
statistically significant when compared to non-sewn, Lockl
and Ov3Lock samples (Sig. < 0.05). Ov3Chain sample
contained the stitch combinations of 3-yarn overlock stitch
and 2-yarn chain stitch. In the literature, it is generally
called as safety stitch [37]. The 2-yarn chain stitch is known
to provide strength, elasticity and durability for this stitch
combination [2]. Our results are partly supported by the
studies in the literature. In the study of Ates et al, seam
strength of denim fabrics sewn with ‘“chain stitch +
overlock stitch” was found higher when compared to its
counterpart with “lock stitch + overlock stitch” [24].
Similarly, in our study, when the overlock stitch was
combined with lock stitch and chain stitch (Ov3Lock and
Ov3Chain, respectively), higher strength of chain stitch
contributed to the overall seam strength of samples and

SEAM STRENGTH RESULTS a
(FIRST CYCLE)

1200
Elﬂﬂﬂ
< BOD
5 600
g

=T
0

&P

mWarp m'Weft

seam strength differences were statistically significant (Sig.
values< 0.05).

In general, usage of 2-row lock stitch and 2-row-2-yarn chain
stitch did not cause any statistically significant increment in
seam strengths when compared to 1 row stitched counterparts
(Lockl and Chainl) (Sig. values> 0.05).

When the 3 basic stitch types (Lockl, Chainl and Ov3)
were compared, the queue was generally Ov3>Chainl>
Lockl. Similar to our study, seam strength of sewn fabrics
with chain stitch were found higher when compared to that
of sewn fabric with lock stitch [25]. However, in our study,
after considering standard deviation values and statistical
analysis, it was resulted that the effects of basic stitch types
were not statistically significant on the seam strengths of
samples, in general (Most sig. values> 0.05).

For all samples, seam strengths of warp samples were
higher than weft samples. In addition, for all samples,
stitches were broken during the sample failure.

Strain results of samples are given in Figure 4.b and Table
5. As for seam strength results, strain results for 2-row
stitth combinations (Lock2, Chain2, Ov3Lock and
Ov3Chain) were obtained for 2 cycles of tests (Table 5).

STRAIN RESULTS b
(FIRST CYCLE)
a0
35
50
£ 25
E 20
s
= 15
10
5
]
& Q> B e
LA S SR W R N
O o D@{”
mWarp m'Weft

Figure 4. Seam strength results of samples for first breaking cycle
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Table 5. Strain results of samples

Strain - First cycle

Strain - Second cycle

Warp Weft Warp Weft
Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev.
Sample code (%) (%) (%) (%) (%) (%0) (%) (%)
No seam 29.02 5.56 19.50 0.38 / / / /
Lockl 22.02 1.07 15.05 0.56 / / / /
Lock2 23.83 0.89 15.89 0.72 35.15 2.05 22.67 6.3
Chainl 24.83 244 17.85 0.68 / / / /
Chain2 25,51 143 17.00 0.92 34.76 3.34 27.35 1.01
Ov3 26.04 212 16.97 1.10 / / / /
Ov3Lock 22.42 0.57 15.22 0.49 28.20 155 21.86 1.46
Ov3Chain 26.32 3.67 18.79 4,01 29.97 1.09 22.50 0.81

Strain of non-sewn samples were around 29 % and 20 % in
warp and weft directions, respectively. For sewn samples,
strain values decreased to some extent in the first cycle. The
lowest strain values were obtained from Lockl and
Ov3Lock samples, as for seam strength values. In parallel,
the highest strain values were obtained for Ov3Chain
samples that also exhibited the highest seam strength. In
general, strain results of samples in warp direction were
similar to each other (Sig. values> 0.05) whereas strain of
non-sewn sample was higher than sewn samples in weft
direction (Sig. values< 0.05).

Strain values of samples sewn with stitch combinations,
increased in the second cycle. A similar trend was also
observed for seam strength results. It can be due to the
supporting effect of remaining stitches of first row that
were not broken in the first test cycle. At the first breaking
cycle, all of the stitches of first row were not broken during
seam failure. In order to simulate the real repetitive usage
conditions, samples were clamped to the machine and
tested in the second cycle, without removing the remaining
stitches of first row. When the second breaking cycle was
carried out for these samples, the load was beared by
mainly the second stitch row. Nevertheless, the remaining
stitches from the first breaking cycle is thought to bear
some load during the second cycle, too. This is thought to
be the reason of higher seam strengths and strains for the
second test cycle of stitch combinations.

3.2 Bursting Strength and Seam Bursting
Efficiency Results

Normally, bursting strength test examines the strength of
samples in all directions so that the test is not repeated for
warp and weft directions. However, in this study, the
bursting test samples were prepared to have seams in warp
and weft directions, as shown in Figure 1. Therefore, the
bursting strength and bursting height of sewn samples are
given for warp and weft samples, in Table 6. As there were
no warp-weft samples in non-sewn sample, its result is
given in black colour (Figure 5). Also, the data is visualized
in Figure 5. The seam efficiencies of samples against
bursting are also calculated and given in Table 7.

Different than seam strength tests, all the samples including
1-row basic stitches (Lockl, Chainl and Ov3) and 2-rows
stitch combinations (Lock2, Chain2, Ov3Lock, Ov3Chain)
bursted in only one step.

Bursting strength of non-sewn reference fabric was 1898.75
N (Table 6). For the 3 basic stitch types (Lockl, Chainl and
Ov3), bursting strength in warp and weft directions were
lower than that of non-sewn samples. Ov3 sample exhibited
the lowest bursting strength among these 3 stitch types
(Figure 5.a) and the bursting strength differences of Ov3
sample with the other sample types were statistically
significant for both warp and weft samples (Sig. values<
0.05). On the other hand, bursting strength of

Table 6. Bursting strength and bursting height results of samples

Bursting strength

Bursting height

Warp Weft Warp Weft
Sample code
Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev.

(N) (N) (N) (mm) (mm) (mm) (mm)
No seam 1898.75 114.39 1898.75 114.39 39.07 13.55 39.07 13.55
Lockl 1751.60 252.34 1447.80 157.84 33.44 2.13 32.42 1.05
Lock2 2529.00 230.19 2367.80 342.34 35.87 3.11 39.75 2.64
Chainl 1771.80 208.62 1527.80 84.14 3141 2.52 32.55 0.86
Chain2 2462.40 218.50 2319.40 287.31 38.04 1.66 41.01 3.96
Ov3 1309.20 109.62 1075.40 102.40 31.49 1.17 29.32 1.19
Ov3Lock 2368.00 212.00 1675.20 138.89 35.82 1.09 34.62 1.89
Ov3Chain 2398.60 114.72 1770.20 15.00 37.10 1.55 35.11 1.90
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samples sewn with stitch combinations (Lock2, Chain2,
Ov3Lock and Ov3Chain) exhibited higher bursting strength
when compared to non-sewn samples, especially for the warp
samples (Sig. values< 0.05). A similar result was obtained by
Yesilpinar, when she compared the bursting strength of 1-
row lock stitched samples with 2-rows lock stitched
counterparts [30]. In contrast with the seam strength tests, the
second row of stitches in the combinations supported the
seam line against bursting, importantly. As for seam strength
results, chain stitch containing samples (Chainl, Chain2,
Ov3Chain) exhibited higher bursting strength when
compared to lock stitch containing counterparts (Lockl,
Lock2, Ov3Lock), but this time the differences were less and
not statistically significant (Sig. values between
Lock1/Chainl, Lock2/ Chain2 and Ov3Lock/Ov3Chain were
higher than 0.05). In the literature, the bursting strength of
lock stitched samples were found slightly higher than chain
stitched samples, but this study was made on knitted fabrics
and bursting test procedure was different [29].

For stitch combinations, seam efficiencies against bursting
were higher than 100% (Table 7). For all samples, bursting
strength of warp samples were higher than weft samples.

Also, when compared to seam efficiencies given in Table 4
(36-55%), seam bursting efficiencies were clearly higher
(56-133%) (Table 7).

During bursting tests, generally stitches were broken for 1
row stitch types (Lockl, Chainl, Ov3). Different than the
seam strength tests, fabric tear near the seamline
accompanied the stitch breakages or only the fabric tear
near the seamline was observed in the bursting failure of
combination stitches (Lock2, Chain2, Ov3Lock, Ov3Chain).

On the other hand, bursting height of non-sewn reference
sample was 39 mm. Only Lock2 and Chain2 samples
exhibited higher bursting height for weft samples when
compared to non-sewn samples but the differences were not
statistically significant (Sig. values > 0.05). It could be
advantageous for workwear as the seam line could resist to
bursting in higher elongations. For all sewn samples, the
bursting heights for warp and weft samples were close to
each other.

BURSTING STRENGTH a
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Table 7. Seam bursting efficiency

Seam bursting efficiency

Sample code Warp (%) Weft (%)
No seam / /
Lockl 92.25 76.25
Lock2 133.19 124.70
Chainl 93.31 80.46
Chain2 129.69 122.15
Ov3 68.95 56.64
Ov3Lock 124.71 88.23
Ov3Chain 126.33 93.23

4. CONCLUSIONS

In this study, the effects of different stitch types and their
combinations were determined on the seam strength and seam
bursting strength of workwear fabric.

In seam strength test, a two-step failure was observed for
samples that contained stitch combinations. In the available
experimental studies in literature, this phenomenon was not
mentioned for stitch combinations. It is an important feature
for workwear, because the garment can still provide
protection to the wearer after the first row of stitches broke,
until the seam is repaired. In addition, it is beneficial to
highlight that, the main function of the second row of stitch
was to form a safety stitch rather than increasing the overall
seam performance. In warp and weft directions, the
maximum seam efficiency difference for different stitch
types/combinations was around 12%. Seam efficiency
values of all samples were around 36.6-44.6 % in warp
direction and 44.6-54.3 % in weft direction, for the first
breaking cycle. For the stitch combinations, seam efficiency
values increased in the second cycle for some amounts.
According to the literature, seam efficiency values are
dependent on a variety of factors such as fabric structure,
seam type, stitch type, stitch density, sewing yarn
properties, sewing needle properties etc. and seam
efficiency values around 60-80 % are common [3, 38].
Seam efficiency result of the samples prepared in this study
are close to the 60% boundary. As the fabric strengths in
warp and weft directions were quite high, seam strengths
obtained in this study would be acceptable for many uses.
Nevertheless, to increase the seam efficiency values, some
seam parameters can be differed in the further studies.
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Figure 5. Bursting strength and bursting height results of samples
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Different than uniaxial seam strength tests, all the sewn
samples bursted in only one step independent of including
1-row stitches or 2-rows stitch combinations. Also, the
contribution of the second stitch row was clearly observed
for the samples containing stitch combinations. For these
samples, seam bursting efficiency was higher than 100%,
because of the supporting effect of second row of stitches
and the seam allowances, in the bursting area. As for seam
strength efficiencies, in general, chain stitch containing
samples exhibited slightly higher seam bursting efficiencies
and bursting heights.

In both seam strength and bursting strength tests, some
amounts of higher results were obtained for warp samples. It
was a reflection of higher fabric strength in warp direction
[39]. It is known that, warp yarns are selected as higher
strength yarns in order to bear the loads during warping and
weaving processes. Also, higher yarn densities are used in
warp direction. As a result, both fabric strength and seam
properties are affected from the yarn properties and fabric
structural parameters in warp and weft directions.

The information obtained from this study is beneficial for
the seam selection of the workwear to obtain more resistant
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ABSTRACT

Photochromic dyes which change their color with UV light, are water insoluble and sensitive to the
environmental conditions. In order to be able to use these dyes in textile industry, the dyes are
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encapsulated with a polymer, and then the encapsulated photochromic dyes are applied onto the
textile materials. The encapsulated photochromic dyes can show different properties according to the

photochromic dye and polymer type, capsule size and the encapsulation method applied. In this study,
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the performance characteristics of different commercial photochromic dye capsules were investigated

after the application onto cotton fabrics by pad-cure process. It was observed that the fabrics still
provide UV protection at 50 + UPF level even after 20 washing cycles. The photochromic fabrics lost
their color and UV protective properties at most 16% and 4%, respectively after 20 UV on-off cycles.

1. INTRODUCTION

People's expectations from textile materials have changed
with the rise of living standards and the developments in
technology. The demands for textiles are not only style and
durability, but also functional properties. Textile materials,
which have functionality in different fields such as medical,
protective, sports etc. are getting more interesting and these
textiles bring competitive power to the textile companies
with their value-added. Photochromic textile materials,
which are one of the functional textiles, can be used for both
fashion effect and smart textiles such as UV sensors [1].

Photochromic dyes are colorless without UV light and they
become colorful by changing their molecular structure
under UV irradiation. This color changing is reversible
thermally (T-type) or photochemically (P-type), thus the
color disappears when the UV light source is removed [2].
Photochromic dyes are divided in many different classes
while the photochromic dyes, which change their color
based on pericyclic reactions, are more common to use in
various industries such as glasses, cosmetics, plastics,
textiles etc [1,3]. These photochcromic dyes, which are
spiropyrans, spirooxazines, naphthopyrans (chromenes),
diarylethenes and fulgides, show photochromism effect by
ring opening/closing reactions (Figure 1) [2,4,5]. These

Photochromism, cotton, UV
protection, washing durability,
fatigue resistance

dyes differ in terms of photochromic properties, resistance
to photodegradation (fatigue resistance), etc., depending on
their structures [6]. For example, diarylethenes and fulgides
show P-type photochromism, while the other dyes show T-
type photochromism [7]. Spirooxazines have higher fatigue
resistance than spiropyrans [6]. Naphthopyrans is less
sensitive to temperature than spriooxazines [8,9]. In this
context, it should also be evaluated whether the
photochromic dye has suitable properties for the usage area
where it will be applied.

Photochromic dyes also provide UV protection property due
to their color changes by absorbing UV light and can be used
in the UV protective textile production [10]. UV rays above a
certain rate is harmful to human health and precautions such
as using sunscreen, dressing, etc. can be taken to protect
against UV rays. Although textile materials provide UV
protection by absorbing or reflecting UV rays, not all textile
materials provide the same protection level. In order to
evaluate the UV protection property provided by textile
materials, the UV protection factor (UPF) value should be
analyzed. UPF is the ratio of the average effective UV rays in
the environment (ED) to the average of the UV rays passing
through the textile material (EDy) [11]:
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Figure 1. Reversible color change of photochromic dye (spirooxazine) with UV light [2]
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where E(2) is the relative erythemal spectral effectiveness,
S(7) is the solar spectral irradiance in Wm2nm?, 44 is
measured wavelength interval in nm, T(1) is average
spectral transmittance of the fabric specimen, and 1 is the
wavelength in nm.

In the UV transmittance measurements, four data about UV
protection properties of the fabric are obtained. These are the
mean UPF, rated UPF, UVA and UVB transmittance values.
Mean UPF is the UPF value obtained as a result of averaging
the UV transmittance measurements made from 4 different
points of a fabric. Mean UPF can be measured up to 2000
UPF, depending on the capacity of the measuring device.

The rated UPF value is the average UPF value of four
testing fabrics reduced for the standard error in the average
UPF, calculated for the 99% confidence level, and finally
rounded down to the nearest multiple of five. If the rated
UPF is less than the lowest individual UPF fabric
measurement, the rated UPF is the lowest value of
measured UPF rounded to the nearest multiple of five
[12,13]. UVA and UVB transmittance values are the values
that show how much percent the fabric transmits UVA and
UVB rays, respectively.

Although many different standards are applied in the UPF
analysis of textile materials, the most widely used standard is
the Australian / New Zealand standard (AS / NZS 4399:
1996). According to this standard, which classifies the UPF
values as in Table 1, textile materials with 40 UPF and above
provide excellent protection against UV rays [10-12].

Table 1. Classification of UPF values according to AS / NZS 4399: 1996
standard [10-12]

UprRange I EE Y UPF Ratin
40 - 50, 50+ Excellent <25 40, 45, 50, 50+
25-39 Very good 41-26 25,30, 35

15-24 Good 6,742 15,20

UV protection properties of textile materials depends on
many parameters such as fiber type, fabric construction,
additives (e.g. UV absorber) in the material etc. Color is
also one of the most important properties that affect UPF of
textiles. A number of authors has studied UV protection
properties of textile dyes [14-21]. However, UV protection
properties of photochromic dyes, which change their color

by absorbing UV light, on textile materials have not been
studied sufficiently. Thus, in this study, the photochromic
textiles were also evaluated from the point of UV
protection.

Various application methods have been used to apply the
photochromic dyes to textile materials such as embedding the
dye in the polymer matrix during the spinning (photochromic
yarn) [22-24] or screen-printing process (photochromic T-
shirts) [1,25]. In addition to this, several researchers have
studied on the application of spirooxazine or naphthopyran
dyes onto polyamide, polyester, polyacrylonitrile and cotton
fabrics by different methods such as exhaustion, padding or
printing [26,27,36—38,28-35].

Although the first photochromic t-shirt was put on the
market in 1989 [1], photochromic dyes could not attract the
expected attention from the textile industry sufficiently due
to their disadvantages such as low water solubility,
sensitive structure to high temperature, low affinity to the
textile materials and low diffusion ability to high crystalline
structures such as synthetic fibers [28,30,33,36]. Thus,
textile-dyeing yield of the photochromic dyes are low due
to these properties. Microencapsulation can be applied as an
alternative method to improve the application of
photochromic dyes onto textile materials.

Microencapsulation is a process in which very small particles
of liquid or solid material (core material) are coated with a
continuous film of polymeric material (shell material) [39].
Capsule shell materials protect the core materials from
external factors by wrapping the core material with one or
more layers and improve the applicability of the core
material by increasing its stability [40,41].

In this study, it was aimed to apply two different commercial
photochromic dye microcapsules on cotton fabrics and
evaluate the color build-up by UV irradiation, fatigue
resistance and UV protective properties of the fabrics after
the microcapsule application and consecutive laundering. It
was observed that UV protective properties of cotton fabrics
can be improved with the application of photochromic dye
microcapsules and the photochromic fabrics can retain their
properties even after 20 repeated washing and UV on-off
cycles.
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2. MATERIAL AND METHOD

The scoured and bleached interlock knitted 100% cotton
fabric was obtained from a textile factory and was used as
received (without any further treatment prior to the
experimental part). Construction properties of the fabric
were shown at Table 2. Thickness of the fabrics was
measured on SDL ATLAS Digital Thickness Gauge
according to ASTM D 1777-96 standard. Total porosity of
the fabric was calculated by using Equation 1 [42,43].

se1_Pa @
Pb

where p, is the fabric density (g/cm?®), py is the fiber density
(g/cm?®) and ¢ is the porosity. Fabric density is calculated by
dividing the fabric mass per unit area, by fabric thickness.
The mean density of cotton fibres is accepted as 1.52 g/cm?®
[42].

The binder (Itobinder AG - anionic acrylic copolymer) was
supplied by LJ Specialities Ltd. Two different types of
commercial photochromic dye microcapsules (Violet-
powder and Blue-liquid) were used in powder and liquid
form. Trade names and structures of the capsules are not
revealed for proprietary reasons.

The photochromic dye capsules (50, 75 and 100 g/l) were
applied to the fabric by pad-cure process. Wet pick up ratio
was set to be 100%. The binder concentration was 50 g/l.
After padding, the samples were dried at 100°C for 3
minutes and cured at 150°C for 4 minutes in a laboratory
scale tenter (Atag, GK 40, Turkey).

The morphology of the fabrics was investigated by
scanning electron microscopy (SEM, Thermo Scientific
Apreo S). Each sample was coated with a 1 nm thick Au
layer using sputter coater (Leica EM ACEG600) prior to
SEM observations.

Color measurements were carried out using a Colorlite SPH
870 spectrophotometer (with LED light source), processed
using the ColorLite ColorDaTra Professional software, 400-
700 nm, under D65 illumination and an observer angle of
10° with a 45°/0° geometry. The samples were placed on
the plate kept at constant temperature (20°C) by a peltier
system and then the samples were irradiated by solar
simulator (ABET Sunlite Solar Simulator) for 3 minutes
(Figure 2). After that, the solar light switched off and color
measurements were carried out as immediate as possible
(within 3 seconds). The color value of unirradiated sample
was regarded as the standard. Color build-up on irradiation
of the samples was discussed by the difference between the
standard and UV irradiated colored samples by using AE*
(color difference) values.

The solar simulator has a Class A spectral match for the
International Electrotechnical Commission (IEC) and the
Japanese Industrial Standards (JIS) Committee standards
and has an irradiance of AM 1.5G, 100 mW/cm? (1 Sun).

Solar simulator

\Beltier system

N

Portable spectrophotometer

Figure 2. The color measurement setup

Mean UV protection factor (UPF) values of the fabrics
were measured with Labsphere UV 2000F device according
to standard AS/NZ 4399:1996.

Consecutive laundry washings were applied by 1SO 105-
C06:2010 (test method A2S) standard for testing the
washing durability of the applications. The fastness
assessment method with grey-scale is not a suitable for
photochromic materials due to the dynamic color changes
of photochromic dyes [34]. Therefore, the AE* and the
mean UPF values of the samples were compared to evaluate
the washing durability.

The fatigue resistance tests were carried out based on the
literature [36,38]. The samples were irradiated by solar
simulator for 2 min and then left in the dark for 5 min to
fade back to their original unexposed states. This UV on-off
cycle was repeated 20 times for each sample. Color and UV
transmittance measurements were carried out after every 5
irradiation cycles.

Table 2. Construction properties of the fabric used in the application studies

Yarn count Course per cm Wales per cm

Stitch density

Thickness Mass per unit area Total porosity

12 tex 20 40

800 stitch/cm?

0,085 cm 0,023 g/cm? 83%
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3. RESULTS AND DISCUSSION

The photochromic capsule applied samples were in a
colorless state (white) in the absence of UV light.
Reversible violet and blue colors were developed after UV
irradiation (Figure 3) and the samples reverted to the
colorless state when the UV irradiation source is removed.

SEM images of the fabrics (Figure 4), recorded at three
different magnifications (x1000, x5000 x20000), clearly
showed that the microcapsules adhered on cotton fibers
without obvious breakage during the pad-cure process. The
particle size of the photochromic microcapsules ranged
from 2 to 5 um (Figure 4).

As stated by Little and Christie [34], the washing fastness
evaluation by comparing with grey scales used for classical
textile materials is not suitable for photochromic textile
materials that change their color with UV irradiation. In this

s~
~
~

context, considering the studies in the literature, the
difference between the color values of the fabrics before
and after UV irradiation was evaluated after repeated
washings in order to examine the washing durability of the
microcapsules [34]. Figure 5 illustrates AE* values of the
samples after padding and consecutive laundering tests. It
was observed that the color build-up on UV irradiation of
the samples increased with capsule concentration. The level
of photocoloration developed by UV irradiation of the
samples was observed to decrease at most by 11% after 20
washings. However, some samples have also showed an
increase in color values after repeated washing cycles. An
explanation for this result may be proposed based on the
loosening of the binder structure on the fabric after
washings. It provides a more favorable environment for the
color change of the photochromic dye by disappearing the
film effect of the binder on the microcapsule surface and
also increasing the deaggregation of the microcapsules [34].

J =

Figure 3. Images of the photochromic microcapsules applied samples before (A) and after UV irradiation (B: violet powder and C: blue liquid)

Figure 4. SEM images of the untreated fabric (A) and the photochromic microcapsules applied samples (B: violet powder and C: blue liquid) with

different magnifications (x1000, x5000 x20000)
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Figure 5. AE* values of the samples (a: for violet-powder, b: for blue-liquid) after padding and consecutive laundering tests.

One of the aims of this study is to evaluate the UV
protection performance of photochromic textile materials.
50+ mean UPF values were obtained as a result of the
photochromic capsule applications as seen in Figure 6,
while the mean UPF value of the untreated fabric was 29
(before laundry tests). The mean UPF values also increased
with the increasing capsule concentration. In addition, 50+
UPF values were again observed in all photochromic fabric
samples even after 20 laundering cycles, while the mean

[ ] Before laundry (a)
20004 ] 1 cyc. laundry

[ ]scyc. laundry =
110 cyc. laundry —
[ 15 cyc. laundry
1500 -| [ 20 cyc. laundry

1000

Mean UPF

500 -

0

Untreated | 50 g/l \ 75gll \ 100 g/l

Capsule concentration

UPF value of the untreated fabric was about 25-30 UPF
after the consecutive laundry tests.

AE* and UPF values of the samples for every 5 UV on-off
cycles were given in Figure 7. Based on the AE* values, the
samples applied violet-powder and blue-liquid capsules
(100 g/I) showed high fatigue resistance after 20 UV on-off
cycles, retaining 97% and 84% of their photochromic
response, respectively. The samples also showed
approximately 4% loss for violet-powder and 0.5% loss for
blue liquid in UPF values after 20 UV exposure cycles.

3004 [ "] Before laundry (b)
11 cyc. laundry

[ ]5cyc. laundry

110 cyc. laundry

1 15 cyc. laundry

200 B 20 cyc. laundry

250

150

Mean UPF
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o
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Figure 6. Mean UPF values of the samples (a: for violet-powder, b: for blue-liquid) after padding and consecutive laundering tests.
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Figure 7. Fatigue resistance of the samples (a: for violet-powder, b: for blue-liquid).
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4. CONCLUSION

Application of two different microcapsules on cotton
fabrics and evaluation the performance properties of the
fabrics were presented in this study. Photocoloration degree
of the samples decreased at most by 11% after the washings
however, the color values of some samples increased after
repeated washing cycles. An explanation proposed is that
the binder structure on the samples loosens around the
microcapsules with washings, and thereby the conversion
between close and open ring forms of the dyes facilitates.
The capsule concentration affected the color and UV
protection properties of the fabrics positively and this effect
is more pronounced for UPF values. Application of the
photochomic dye microcapsules was found to improve UV
protective properties of cotton fabric.

In general, the advantages of this study are as follows:
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after repeated washing and UV on-off cycles.

ACKNOWLEDGEMENT

The authors would like to gratefully acknowledge Ege
University, scientific research projects through the project no.
18-TKUAM-003 for financial support to this research project.

Text. East. Eur. 17, 55-59.

16. Krzysztof K., Barbara L. S. 2014. Effect of selected metrological
parameters of dyed polyester textiles on their UV-barrier properties.
Fibers Polym. 15, 2077-2085.

17. Wong W., Lam J. K., Kan C., Postle R. 2016. Influence of reactive
dyes on ultraviolet protection of cotton knitted fabrics with different
fabric constructions. Text. Res. J. 86, 512-532.

18. Ibrahim N. A., E-Zairy W. R., Eid B. M. 2010. Novel approach for
improving disperse dyeing and UV-protective function of cotton-
containing fabrics using MCT-B-CD. Carbohydr. Polym. 79, 839-846.

19. Paluszkiewicz J., Czajkowski W., Kazmierska M., Stolarski R. 2005.
Reactive dyes for cellulose fibres including UV absorbers. Fibres
Text. East. Eur. 13, 76-80.

20. Sarkar A. K. 2004. An evaluation of UV protection imparted by cotton
fabrics dyed with natural colorants. BMC Dermatol. 4(15), 1-8.

21. Wang S. Q., Kopf A. W., Marx J., Bogdan A., Polsky D., Bart, R. S.
2001. Reduction of ultraviolet transmission through cotton T-shirt
fabrics with low ultraviolet protection by various laundering methods
and dyeing: Clinical implications. J. Am. Acad. Dermatol. 44, 767—
T74.

22. Wuxi City Greg Technology Co. 2021, April 21. China Photochromic
Pigment for Yarn Making Ultraviolet UV Photosensitive Color Yarn.
Retrieved from https://photoluminescent.en.made-in-
china.com/product/LNKEOsqISBVp/China-Photochromic-Pigment-
for-Yarn-Making-Ultraviolet-UV-Photosensitive-Color-Yarn.html.

23. SolarActive. 2021, April 21. Recent Projects, Color Changing
Products, Color Change, Buttons, Beads & Lace Change Color in the
Sun. Retrieved from https://www.solaractive.com/recent-projects-
solar-active-uv-color-change-products-ezp-4.html.

24. Talvenmaa, P. 2006. Introduction to chromic materials. In H. Mattila,
Intelligent Textiles and Clothing. Woodhead Puhlishing in Textiles,
193-205.

25. DeFacto. 2021, April 21. Turuncu Erkek Cocuk - Geng Erkek Erkek
Cocuk  Sekil Degistiren Baskili  Tigort. Retrieved  from
https://www.defacto.com.tr/erkek-cocuk-sekil-degistiren-baskili-kisa-
kollu-tshirt-1224518.

26. Wang P. Y., Wu C. J. 1997. Photochromic behavior of some
phenoxyanthraquinone dyes in solution and on polyester substrate.
Dye. Pigment. 35, 279-288.

160

TEKSTIL ve KONFEKSIYON 32(2), 2022



217.

28.

29.

30.

3L

32.

33.

34.

Vikova M., Vik, M. 2005. Colour shift photochromic pigments in
colour space CIE L*a*b*. Mol. Cryst. Lig. Cryst. 431, 403-415.

Lee S. J, Son Y. A, Suh H. J, Lee D. N., Kim S. H. 2006.
Preliminary exhaustion studies of spiroxazine dyes on polyamide
fibers and their photochromic properties. Dye. Pigment. 69, 18-21.

Son Y. A, Park Y. M., Park S. Y., Shin C. J., Kim, S. H. 2007.
Exhaustion studies of spiroxazine dye having reactive anchor on
polyamide fibers and its photochromic properties. Dye. Pigment. 73,
76-80.

Billah S. M. R., Christie R. M., Shamey, R. 2008. Direct coloration of
textiles with photochromic dyes. Part 1: Application of
spiroindolinonaphthoxazines as disperse dyes to polyester, nylon and
acrylic fabrics. Color. Technol. 124, 223-228.

Billah S. M. R., Christie R. M., Morgan, K. M., 2008. Direct
coloration of textiles with photochromic dyes. Part 2: The effect of
solvents on the colour change of photochromic textiles. Color.
Technol. 124, 229-233.

Little A. F., Christie R. M. 2010. Textile applications of photochromic
dyes. Part 1: Establishment of a methodology for evaluation of
photochromic  textiles using traditional colour measurement
instrumentation. Color. Technol. 126, 157-163.

Little A. F., Christie R. M. 2010. Textile applications of photochromic
dyes. Part 2: Factors affecting the photocoloration of textiles screen-
printed with commercial photochromic dyes. Color. Technol. 126,
164-170.

Little A. F., Christie R. M. 2011. Textile applications of photochromic
dyes. Part 3: Factors affecting the technical performance of textiles
screen-printed with commercial photochromic dyes. Color. Technol.
127, 275-281.

35.

36.

37.

39.

40.

41.

42.

43.

Durasevic V., Parac D., Sutlovic A. 2011. From Murex Purpura to
Sensory Photochromic Textiles. In P. Hauser (Ed.) Text. Dye. London:
IntechOpen, 57-76.

Aldib M., Christie R. M. 2011. Textile applications of photochromic
dyes. Part 4: application of commercial photochromic dyes as disperse
dyes to polyester by exhaust dyeing. Color. Technol. 127, 282-287.

Billah S. M. R., Christie R. M., Shamey, R. Direct coloration of
textiles with photochromic dyes. Part3: Dyeing of wool with
photochromic acid dyes. Color. Technol. 128, 488-492.

. Aldib M., Christie R. M. 2013. Textile applications of photochromic

dyes. Part 5: Application of commercial photochromic dyes to
polyester fabric by a solvent-based dyeing method. Color. Technol.
129, 131-143.

Benita, S. 2006. Microencapsulation: Methods and Industrial

Applications. New York: Taylor & Francis.

Salatin, F. 2016. Microencapsulation technology for smart textile
coatings. In J. Hu (Ed.) Active Coatings for Smart Textiles. Woodhead
Publishing Series in Textiles, 179-220.

Cheng S. Y., Yuen C. W. M., Kan C. W., Cheuk K. K. L. 2008.
Development of Cosmetic Textiles Using Microencapsulation
Technology. RJTA 12(4), 41-51.

Cay A, Atav R, Duran K. 2007. Effects of warp-weft density variation
and fabric porosity of the cotton fabrics on their colour in reactive
dyeing. Fibres Text East Eur 15, 91-94.

Cay A, Tarakgioglu 1. 2008. Relation between fabric porosity and
vacuum extraction efficiency: Energy issues. The Journal of The
Textile Institute 99(6), 499-504.

TEKSTIL ve KONFEKSIYON 32(2), 2022

161



TEKSTIL VE KONFEKSIYON
VOL: 32,NO. 2
DOI: 10.32710/tekstilvekonfeksiyon.933600

TEKSTILw KoNFEKSIYON

Investigation of Performance Characteristics of 3D Printing
Textiles in Terms of Design and Material

0000-0002-6367-4243
0000-0002-6024-1709

Fatma Bulat'
Fatma Nur Basaran®

! Kurikkale University / Keskin Vacational High School, 71800, Kirikkale.
2 AHBV University / Faculty of Art and Design, Textile Design Department, 06830, Ankara.

Corresponding Author: Fatma Bulat, f.bulat@kku.edu.tr

ABSTRACT
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New technologies that are used in the producing and processing of textile surfaces provide significant
advantages for the designer. One of the important technologies that offer today’s design advantage is
three-dimensional “3D” printers. This study attempted to determine the effect of design features used
on textile surfaces produced with different 3D printers and materials on performance characteristics.
This researchaimed to examine and compare the performance characteristics of 3D printers, the
relationships between 3D printers and the different materials required by these printers, and one-piece
and multi-pieces designs. Accordingly, textile surfaces were produced with 3D printers and the
performance properties of these surfaces were determined. Significant differences were observed in
the performance of textiles based on the breaking, bursting and weight determination tests. These
differences were discussed in terms of the design’s structural characteristics, material and the ways of
3D printing to stacking material. Consequently, although the performances of 3D textiles get the
better of one another, their breaking and bursting strengths are found to be lower than the
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conventional fabrics.

1. INTRODUCTION

During thousands of years of textile production, there have
been many changes in textile machines and processes,
however, the approaches to fabric design to attain the
desired properties has remained empirical. It is the skill
and experience of textile technologists, backed when
necessary by trial and error that dominates the production
of fabrics [1]. After World War II, tremendous fiber
innovation in both North America and Europe continents
gave the push for product development towards man-made
fibers in the 1950s. In the 1960s, the mills adapted the new
fibers to their systems, providing innovative yarns and
fabrics [2]. Meanwhile, innovative designs with effective
technological developments have been regarded as a
driving force in the marketing process and the work of
textile designers has taken on a new significance in regard

to bear features, such as authenticity, innovation,
compliance with customer expectations, and functionality
[3]- In this industry, where personal tastes stand out and
tailor-made designs gain importance, the creative process
becomes even more significant in regard to, particularly
aesthetics elements [4]. Therefore, the designers have
obtained the new forms they need by benefiting from
science and technology and using new materials and
production methods [5,6].

Against the background, three-dimensional (3D) printers
are one of the most important technological advances of
today, offering new opportunities to designers. Devices that
are capable of 3D printing are called 3D printers [7]. 3D
printers are one of the primary shaping technologies that
enable objects to be generated in various ways with
appropriate materials [8]. These printers are machines that

To cite this article: Bulat F,Basaran F. 2022. Investigation of Performance Characteristics of 3D Printing Textiles in Terms of Design

and Material, Tekstil ve Konfeksiyon, 32(2), 162-172.
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convert digital data (three-dimensional CAD drawing) into
real objects [9]. The basic principle of this technology is the
generation of 3D designs by printing them layer by layer
[10]. However, formations of the designs by the layers can
considerably differ. Therefore, printers that can use
different materials have been developed. Accordingly, the
materials used in these devices are classified under three
main headings. These include; liquid-based materials, solid-
based materials and powder materials [11]. 3D production
with liquid-based materials is made by exposing the
photopolymer material to radiation and solidifying and the
printing technologies that commonly use these materials are
Stereo Lithography Apparatus and Polyjet [12]. Moreover,
solid-based materials are available in filament form or in
layers, and such materials are often used in the “Fused
Deposition Modeling (FDM)” method [13]. Powder-based
materials, on the other hand, are available in granular form,
and the most well-known method among others, using these
materials, is “Selective Laser Sintering (SLS)” [14].

Three-dimensional printers are also being used in textile
production since 2010. The output of these printers differs
from conventional textiles for connection types, consist of
production form, material and textile. So, they need to
develop different parameters to attain different attitudes,
such as stretching, flexural, bending and drapability in
textiles that are produced with 3D printers. Thus, the
designers mostly create different connections to attain these
attitudes. The studies have brought up the potentials of this
new form of production and the materials used in
production in terms of design processes. The designer’s
knowledge of the performance -characteristics of the
emerging new product is an important part of the product
design scenario.

This research aimed to identify the effects of connection
forms, material and printers’ stacking/combining ways on
the performance characteristics of textile surfaces that are
produced through 3D printers. In the study that was
conducted in three stages through experimental processes,

Textile Deszign —_—

CAD Drawing ofthe
degign

two different textile surfaces that can be produced with 3D
printers were designed and the designs were generated by
using Fused Deposition Modeling, Selective Laser
Sintering and Polyjet printing. Performance characteristics
were identified by doing bursting and breaking strength
tests to the 3D textiles produced. The obtained results have
been discussed in the context of design, printing process
and material.

1.1. The Production of Textile Surface with Three-
Dimensional Printers

Three-dimensional printers are used in many fields of
industrial production as well as in the textile sector. In the
meantime, these methods can be used to produce all kinds
of work that can be modelled in three dimensions in the
computer and this enables the designers to develop
innovative designs [15]. Furthermore, textile and fashion
designers have been using this technology in many fields,
such as in various fashion shows, conceptual artworks, or
wearable art objects.

The design and production process with three-dimensional
printers begin with determining the intended purpose of
textile and modelling studies. In the second stage, three-
dimensional drawings of textile design are being prepared
in the features and sizes set by the appropriate CAD
programs. Then, the created designs are converted into the
STL file format. The STL file format is “an unsorted
triangle surface list that represents the outer surface of the
design” [16]. The data contained in this file is subjected to
some pre-processing, such as error checking and building
direction, creating support structures if necessary [17].
Finally, geometric textile data is printed by being sliced and
sent to the printing machine, which is considered suitable
for production (Figure 1). Textiles produced with a three-
dimensional printer may be dimensionally incorrect when
compared to conventional technologies. Therefore, “the
surfaces of critical objects are finally cleaned, cured and
brought to final size” [18].

—_— STL File

¥

Pre-precedures

{checking, fabrication,
direction, creating back-
up structures)

W

Uploding STL files to 3D
printers

3D Production

Finalizing

Figure 1. 3D Textile production stages [19].
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This research, 3D textiles have been classified from various
aspects to clarify the subject (Figure 2). Textiles in
literature can be classified in various ways by the structural
characteristics of the surface, material, technique, etc.
[20,21]. A similar classification is possible within 3D
textiles (Figure 3).

Textiles with 3D printers are produced as single-piece or
multi-piece (modular). Besides, they can also be used to
obtain patterns on conventional textiles or in the brand logo
printing process. R&D and Product Development studies
related to 3D print textile surfaces continue.

1.2. Related Works

Works on three-dimensional printers in the textile and
fashion industry have begun in the 2000s and 234 patent
had been obtained in this field by 2014. The next generation
of designers, such as the Belgian Materialise firm, the
American Nervous System, Iris Van Harpen, Michael
Schmidt and American costume designer Ruth E. Carter,
who won the Oscar for Best Costume Design in 2019 for
her works in Black Panther, are among those using with this
technology [22,23,24]. The works that are salient include
those projects that relate the tradition of textile construction
to code or parametric software to create a 3D printed textile

3D PRINTING TEXTILES

structure. More specifically, the focus is on work that looks
at the material behaviour in relationship to that structure
rather than focusing on generating the form of the 3D print
[25].

In his study, Davis (2012) modelled 3 conventional textile
structures with Fused Deposition Modeling (FDM) 3D
printers by using Rubber and Acrylonitrile Butadiene
Styrene (ABS). He examined the behaviour of 3D textiles
from the point of textile unit geometry and material
relationship and suggested this as a method that can be used
by the textile and fashion designers [25]. Palz, & Thompsen
(2009) expand the concept of traditional crafting of textiles
by their use of digital modelling and digital 3D printing
techniques. In this article Palz and Thompsen explicitly
discuss the possible motions that a knit knot unit has as a
3D print [26]. In another study, Melnikova, & colleagues
(2014) tried to model the conventional weaving method by
using polylactic acid (PLA) and Acrylonitrile Butadiene
Styling (ABS) materials through the Selective Laser
Sintering method for 3D printers [27]. By the way,
Lussenburg and colleagues (2014) indicated that the
stretching feature of textiles that are produced with 3D
printers can be attained depending on the structure and
material (Figure 3).

—
1

m
By Printing Methods

1. Photopolymerisation

-Stereolithography (SLA)

-Digital Light Processing (DLP)

-Continnous Liguid Interface Production

(CLIF)

2. Material Extrusion
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-Fused Filament Fabrication (FFF)
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Figure 2. Classification of 3D Textiles [19].
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Figure 3. Flexural properties of 3D textiles [28].
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Partsch and colleagues (2015) worked to form flexible
textile structures with proper tensile, cutting, bending, etc.
features by using additive manufacturing (AM) method and
they produced three different plain weaving specimens with
printers by 3D modelling and evaluate them [29]. Spahiu et
al (2016) experienced tailor-made shoe production by using
the 3D measurement system with FDM printers and
identified the advantages and disadvantages of 3D printing
in this field [30]. On the other hand, Safka and colleagues
(2016) worked the mechanical testing of polymeric
materials (ABSlike, VeroBlack, VeroWhite, VeroClear,
Durus) processed using 3D printing and exposed to
different chemical compounds [31]. Rivera and colleagues
(2017) worked in the printing field on fabric, tried to print
conventional textiles by using the 3D method [32].

1.3. Performance Characteristics of Textiles Produced
with 3D Printers

Since the beginning of textile crafts, the fabrics with
different methods and materials are produced by creating
various patterns and connections and these fabrics are
analyzed for their performances to determine their
compliances with the required standards [33]. Fabric
performance is affected by the fibers and thread properties,
the structure of the fabric and the treatment of the fabric.
The performance of any textile structure highly depends on
its resistance to the forces it is exposed to. These forces can
include tensile, squeezing, bending, flexural and shearing.
Such tests enable us to predict the behaviour of textile
materials against resistance.

Several types of research in different disciplines have shown
that 3D printers affect product quality and researches are
available on examining the effects, such as tensile, twisting
and impact resistance [34]. According to these researches,
parameters that affect the quality of products produced by
printers are filling rate, layer thickness, extruder temperature,
printing speed, printing style and material [35]. In 3D
textiles, as with each textile structure, the geometry and
layout of fibers to each other highly establishes the behaviour
of that fabric [25]. However, mechanical properties also
depend on the 3D printing procedure’s own process and
material parameters [8]. The use of these printers in almost
all fields of industrial production and differentiation of
expectations in each industry makes it difficult to generalize
over the outcomes. Therefore, it is important that each
industry studies evaluate product quality.

2. MATERIAL AND METHOD
2.1. Material

Two textile surfaces with different structural characteristics
in the research were designed in 3D by using Solid Works
program.

The Design I; was planned as a one piece and prepared for
production in 234.474 x 234.474 x 1 mm by evaluating the
preliminary design and prototype productions with the latest
arrangements. Figure 4a shows three-dimensional Design I.

Figure 4 a. Design [ STL file view b. Design II STL file view

Design II; was planned as a multi-piece, the final design was
attained by making arrangements according to the results
obtained from the prototype studies. The dimensions of the
surface that were formed by connecting the motifs to one
another with rings were set as 202.572 x 202.622 x 1 mm.
While setting the production dimensions, it is based on the
largest production measure that can be done with 3D printers
at once. Figure 4b shows three-dimensional Design I1.

The Design I and Design II were converted to the Standard
Triangle Language (STL) format after the 3D design
processes were completed. The designs were prepared for
production after setting the boundary lines, layering and
pre-processing  (process  direction, error checking,
construction of supporting structures) and both designs
were produced by using Fused Deposition Modeling
(FDM), Selective Laser Sintering (SLS) and Polyjet
printing. Materials may also differ structurally depending
on the printing method used in production. In this research,
the polylactic acid (PLA) filament material (Figure 8) in
Fused Deposition Modeling (FDM) print, the polyamide
(PA) powder material (Figure 9) in Selective Laser
Sintering (SLS) print and the opaque photopolymer resin
(VeroWhite) material in Polyjet print was used (Figure 10).

2.2. Method

The Research model aimed to identify 3D print textiles and
performance characteristics and determined three factors
that may affect the mechanical performance of 3D textiles.
These three factors were used to determine whether there is
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a relationship between three variables that are thought to
affect the performance characteristics of 3D textiles.
Hypotheses were also been created to test the authenticity
of these recommendations. Accordingly:

HL(: “the connection forms of 3D printing textiles affect the
performance of textiles”

H[]: “the materials used in 3D printing affect the
performance of textile surfaces”

H[: “the way of 3D printing machines to stack and combine
materials affects the performance of textile surfaces”

Three-dimensional textile surfaces are generated by
considering the three-dimensional printing types and the
materials used. The research was done in 3 stages: the
design, production and execution of performance tests. The
textile surfaces that are produced visually and physically
with 3D printers compose the population of the research.
Sampling consists of 78 3D textiles produced by 3D
printing methods with (FDM, SLS, Polyjet) and solid
thermoplastic (PLA), powder thermoplastic (PA), solid
opaque photopolymer resin (VeroWhite Plus) materials and
Stratasy 450 MC, EOS P 396, Staratasy object 500 connex
and Zortrax FDM printers.

Figure 8. PLA cartridge filament material [36].

Figure 9. PA 2200 powder material [37].

N i
| VeroWhite Plus

Iy 7 RGD835

P30 Prvtrs

Figure 10. VeroWhite plus resin material [38].
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There is no standard test method available for the
identification of performance characteristics of 3D textiles.
These surfaces are recognized as web-like structures for
design and thus, TUBITAK* BUTAL conducted breaking
resistance, bursting strength and weight determination tests.
Pre-conditioning and test ambient atmospheric conditions of
test samples are set according to ISO 139 (20+2°C, 65+4%).

SDL Testometric M350 measuring device was used to
determine the breaking and bursting strength of 3D textiles.
5 samples of 15x15cm average were taken from the
samples of each production type of the three designs to be
used in tests. The breaking test that was applied in weft and
warp direction in standard textiles was done according to
the size and width of the sample although 3D textiles do not
have these systems. The samples were stretched starting
from 20 mm, the breaking force at the time of breakage was
stated as Newton, and the elongation of breakage as a
percentage.

Figure 11. SDL Testometric M350, Breaking Resistance Test

Figure 12. SDL Testometric M350, Bursting Test (Ball)

% Scientific and Technological Research Council of Turkey

Breaking Resistance Tests Experiment Conditions

Test device: SDL Testometric M350-5kN, Load -cell:
5000N (Constant elongation rate), Distance between claws:
20 mm, Claw speed: 20mm/min., Pre-Voltage: 0.01 N,
Claw type: 1-inch claw.

Bursting Test (Ball) Experiment Conditions

Test device: SDL Testometric M350-5kN, Load cell:
5000N (Constant elongation rate), Claw speed: 300mm/
min., Ball diameter: 25mm (sphere-shaped), Ring Claw
Inner Diameter: 44.5 mm., Bursting strength pressure
values are given as N/mm?,

Precision scales were used for weight determination test. 3
samples of 20 x 20cm average were taken from the samples
of each production type in maximum sizes, 18 separate
samples in total, were measured and their weights were
determined. To verify the hypotheses, non-parametric
Kruskall Wallis test was used instead of One-Way Anova
test, which is a parametric difference test for variables with
more than two groups, since the test results did not provide
a parametric distribution in the group for which the results
were examined. This test is used to compare three or more
samples in non-parametric groups. Result of the test
showed a significant difference between the groups and the
groups that caused the significant difference were tested
with Tamhane T2, one of the non-parametric post-hoc tests.

3. RESULTS AND DISCUSSION

The fabric is expected to resist the tests done according to
the established standards in the textile industry. It is
important that 3D textiles have the flexural and stretching
feature that the human body needs, and also resist the
tensile during movement. The Design I and Design II
produced with 3D printers were tested for breaking
resistance, bursting strength and weight determination and
the data from the measurements with the test devices are
interpreted as a part of the printing method, material and
design.

As depicted in the table, Design 1, which is one-piece,
could be produced in the shortest time possible with the
SLS method and the lightest product is obtained in this
way. The same results apply for multi-piece Design 2. The
longest production process in all studies is for Design 2,
which is produced with the Polyjet method. The attachment
parts used in Design 2 were observed to increase the
weight.

3.1. Performance Test Results of 3D Textiles

Breaking, bursting and weight values of Design 1 and
Design 2 of FDM, SLS and Polyjet production methods are
explained with graphics.

As shown in the graphs, the tensile strength of Design I,
produced with the Polyjet method and VeroWhite material,
is higher than the others. The Polyjet method is followed by
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the surfaces produced by the FDM and SLS method,
respectively. The breaking force of the surfaces produced
by the SLS method is almost half of the Polyjet method.
However, the greatest elongation at breaking ratio is seen in
the SLS method and the sample produced with PA.

The graphs for Design II shows that the breaking strength
of the surface produced with the FDM method and PLA is
higher than the others. This method is followed by SLS and
Polyjet productions, respectively. The strength of the
surface produced by the polyjet method is much less than
those produced by the other two methods. Examination of
the elongation at breaking indicates that the performance of
the surface produced by the SLS method was higher than
the others. This method is followed by surfaces produced
by Polyjet and FDM method, respectively.

Tensile strength is one of the most important mechanical
features for fabrics. Tensile strength is the ability of a
material to withstand tensile force [39]. Among these

parameters, the filling rate, material type and design
properties were identified as the most important factors for
the experiment in this article. The different connection
properties of Design I and Design II have significantly
affected their breaking strength. In breaking tests, while the
seams of Design II were immediately broken, Design I has
exerted relatively greater strength. The differences in
production methods and materials are also important, but
the fact that the breaking is always at the same points, that
is, in rings that combine motifs, has drawn more attention
to the structural and design characteristics of the surfaces.
The fact that the Design I is in one piece has relatively
brought out positive effects on breaking resistance. Tensile
strength of designs produced with 3D printers was found to
be lower than conventional textiles. Generally, the designs
with a 100% filling rate, designs acted fragilely during
tests. Strenght lack of designs attributed to the rigid
structure and thinness parameters of the materials used.

Table 1. Design and production details of 3D textiles

Design Code Production Raw material Material type Production dimensions Production Weight
method time
Design I FDM PLA Solid thermoplastic 234.5x234.5x 1 mm 27 h 50 min 1125¢g
Design I SLS PA Powder thermoplastic 234.5x234.5x | mm 4h 714 ¢
Design I Poly-Jet Opaque Liquid photopolymer 234.5x234.5x | mm 4 h 40 min 1371 g
photopolymer resin
(VeroWhite)
Design 11 FDM PLA Solid thermoplastic 202.6x 202.6 x 1 mm. 32 h 30 min 171¢g
Design 11 SLS PA Powder thermoplastic 202.6 x 202.6 x | mm 4h 8.13 g
Design 11 Poly-Jet Opaque Liquid photopolymer 202.6 x 202.6 x | mm 10h 1625 g
photopolymer resin
(VeroWhite)
Greatest force (N') Greatest force (N)
40
60
35
50 30
40 25
< 59,51 20 36,27
htEs © 23,27
20 10 s 7
29,95
10 N
0 ’ FDM SLS PolyJet
FDM SLS PolyJet

Figure 13. Design 1, breaking strength, the greatest force
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Figure 14. Design I, breaking strength, elongation at the greatest force

Figure 15 Design II, breaking strength, the greatest force
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Figure 16. Design II, breaking strength, elongation at the
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Design I and Design II were produced with FDM, SLS, the surfaces produced by the FDM and Polyjet method was
Polyjet production methods using suitable materials. The  observed to be lower.

charts below show the bursting strength measurement

results of the samples and their mean values. The results of Tlongation greatest force(N/mm’)

the burst strength pressure values are given as N/mm?,

0,040

GreatestForce(N) 0,035
0,030
35,00 0,025
30,00 0,020 0,036
25,00 0,015
20,00 34,39 0,010 0,015
30,58
15,00 246,44 0,005 0,009
10,00 0,000
500 FDM SLS PolyJet
0,00
FDM SLS PolyJet

Figure 20. Design II, bursting strength, elongation at the greaatest

force
Figure 17. Design I, bursting strength, the greatest force

The materials used in the production of Design I and
The charts shown in Figure 17 and 18 demonstrates that the ~ Design 1I have been subjected to various tests by their
surface structure and the material used have an effect on the ~ manufacturers and the performance of these materials has
burst strength pressure values. According to these results, been evaluated as high. However, the performance values
the bursting strength is highest in Design I produced using  of the textile surfaces produced for this study are quite low.
the Polyjet method. This was followed by surfaces It was considered that this situation is caused by the design
produced by SLS and FDM method, respectively. Although and the structural properties of the design substantially
slight differences due to the material were observed for the  affect the performance properties of 3D textiles.
design with the same tightness setting, these surfaces are
considered to be weak in terms of burst strength. Unit mass (iaboratory method)

Elongation greatest Force (N/mm?)
35

30
nn2s

25
0,020
20 34,082
0,015 15 27,82 2L
0,022

aoto 0,018 0,020

0,008

0,000 FDM, Design I SLS Design I Polyjet Design I
FDM SLS PolyJet

. . . . Figure 11. Design 1, test results of weight determination
Figure 18. Design I, bursting strength, elongation at the greatest

force
Unit mass (laboratory method)
Greatestforce (N)

60
60,00 50
50,00 10
40,00 10 59,002
30,00 35,26

20
20,00 S 22,788

23,90 10 14,39
10,00 13,29
[}
0,00 FDM Design TT S1S Design T Polyjet Design IT

FDM SLS PolyJet

. Fi 12. Design 11, test Its of weight determinati
Figure 19. Design II, bursting strength, the greatest force igure esign £, test resulls of welght detetmunation

Evaluation of the Design II in terms of bursting strength  According to the weight test results applied to Design I, the
showed that the strength value of the surface produced by lowest weight textile surface was produced with FDM
the SLS method is higher than the others. The strength of method and PLA material. This was followed by SLS
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production and Polyjet production, respectively. In the
weight tests of Design II, the lowest weighted textile was
produced with the Polyjet method and VeroWhite. This 3D
textile surface was followed by the textile surfaces
produced by the PolyJet method and the FDM method,
respectively (Figure 22).

The weight test results of 3D textiles advise the surfaces
from their area of use to performance characteristics.
Weight tests are important for the area of use of textile
surfaces. According to standards established in
conventional textiles (TSE 251, EN ISO 3801, ASTM D
3776, BS EN 12127, BS 2471); the weights are expected to
be as 30 g/m2 for gauze patches, 80-120 g/m* for combed
cotton fabric, 200-250 g/m’ for dress fabrics and around
400 g/m® for coated fabric. Based on the weight
determination test results of 3D textiles that are produced
with different methods and materials, these textiles were

found to be heavier than conventional textiles.

3.2. Comparison Analysis

In this study, comparison tests were also needed to test the
hypotheses and the fracture, burst and weight values of
designs 1 and 2 of FDM, SLS and Polyjet production
methods were compared. Breaking, bursting and weight
variables have not been distributed normally in a group.
The in-group values of kurtosis and skewness of variables
should be between -1.5 and +1.5 [40]. As can be seen from
Table 1, there is no normal distribution by kurtosis and
skewness values.

As the normal distribution in the group was not provided,
the nonparametric Kruskall Wallis test was used instead of
the One-Way Anova test, which is a parametric difference
test for variables with more than two groups. In variables
where test results are significant (p <0.05) from which
groups the difference originates was tested with Tamhane
T2, which is one of the nonparametric post-hoc tests. The
results are as in Table 3 below.

Table 2. Kurtosis and Skewness Values

Kurtosis -1.534 0.241 -0.609 -1.280 1.643 0.62
Skewness 2.682 0.123 -3.077 0.895 3.018 -1.81
Kurtosis 0.486 -0.386 1.763 -0.632 1.806 -0.15
Skewness -3.112 -2.908 3.336 -3.048 3.719 -1.89
Kurtosis 0.609 2.135 0.299 -1.736 -0.503 -1.84
Skewness -3.333 4.635 -2.718 3.251 -3.146 3.61
Table 3. Comparison of Test Results

FDM Design I 43.05N 5.90

SLS Design I 29.95N 5.90

Poly-Jet Design I 59.11 N 15.63 2571 0.000

FDM Design II 36.27N 432

SLS Design 11 2327N 243

Poly-Jet Design II 6.06 N 2.45

FDM Design I 27.82N 5.12

SLS Design [ 29.71N 4.63

Poly-Jet Design [ 34.08 N 10.27 21.98 0.000

FDM Design II 22.79N 4.16

SLS Design II 59.00 N 19.18

Poly-Jet Design II 1439 N 443

FDM Design [ 1125¢g 0.04

SLS Design I 714 ¢g 0.032

Poly-Jet Design [ 13.708 g 0.14 2831 0.000

FDM Design II 17.06 g 0.29

SLS Design II 8.128 0.016

Poly-Jet Design 11 16.254 0.04

-_—
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When Table 1, Table 2 and Table 3 are examined, the
breaking, bursting and weight values of the measurements
in different methods and designs are seen to differentiate
significantly (p<0.05). The group in which this
differentiation occurs was tested by Tamhane’s T2.

The significant difference in breaking test is among the
Polyjet method Design II and all other designs and the SLS
method Design II and the FDM method Design I and
Design II. While the Polyjet method Design II has a lower
mean breaking test than all other designs, the SLS method
Design II have a lower mean of breaking test than FDM
method Design I and Design II. There is no significant
difference between other methods and designs for bursting
test.

The significant difference in bursting test is between
Design II of Polyjet method and Design I of FDM and SLS
method. Design II of Polyjet method has a lower bursting
test average compared to these two designs. There is no
significant difference between other methods and designs
for bursting test.

The significant difference in weight testing is between all
designs. While SLS method Design I has the lowest weight
value, it was respectively ranged as SLS method Design II,
FDM method Design I, Polyjet method Design I, Polyjet
method Design II and FDM method Design II.

The textiles produced with 3D printers are evaluated as a
result of their performance tests in terms of application
areas. The Design I and Design II was found to be
ineligible for the production of a complete garment. The
material must be flexible so that the textiles to be
transformed into an adaptable garment to body movements.
However, the flexibility in conventional textiles was not
attained currently with materials that are used in 3D printers
and failed to resist the stretching caused by body
movements. Multi-piece designs were also determined to
perform poorly in terms of strength requirement, although
they provide a certain degree of freedom of movement and
drape. Therefore, the use of these textiles as accessories in
part of garments produced with conventional textiles can be
the best way to be recommended to the designers in the
short run. Besides, better performance characteristics of
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ABSTRACT

Textile reinforced concrete (TRC) is an innovative building material that has been used in recent
years and consist of textile components with high tensile strength and concrete produced from fine-
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grained aggregates. Textile components can be used in the form of raw yarn, coated with various

polymers, and recently, in the form of hybrid yarn. There are many hybrid yarn production methods

KEYWORDS

used in the textile industry, and in this study, the braiding technique, which is suitable for the material

used, is emphasized. In the study, samples were produced by positioning two different textile surfaces
produced from three different yarn structures with carbon roving in three different positions in the
concrete. Compared to the raw filament use, it was observed that the flexural strength increased by
23% with the use of hybrid yarn, while it increased by 167% with the use of epoxy coated filament.

1. INTRODUCTION

Various materials such as straw, clay, stone, and wood have
been used in the production of buildings since the first
periods of history for accommodation, which is one of the
basic needs of human beings. Building materials have
changed with the developments throughout history.
Concrete is one of them, and with the discovery of cement
in the 1800s, the use of concrete increased and it has
become one of the most widely used construction materials
today. The reason for this is that high compressive strength
concrete is low cost and abundant. However, besides these
advantages of concrete, it also has some disadvantages. For
example, concrete with high compressive strength has high
shrinkage and cracking and gives low tensile and bending
strength. In addition, the weak toughness, high fragility and
low impact strength of concrete led researchers to new
searches for concrete [1-2].

Due to these disadvantages of concrete, which is widely used
today because there is no alternative, studies have been

Buildtech, hybrid yarn,
braiding yarn, epoxy resin,
textile reinforced concrete
(TRC), flexural behavior

carried out on its reinforcement with various materials, as
was done in the first periods of concrete history. In particular,
studies on composite structures created by combining
concrete mortar and textile structures have gained intensity in
the last quarter-century. These materials, called textile
reinforced concrete (TRC), are composite materials that have
been used as building material recently. TRC is known as
innovative building materials with various uses such as
sandwich panels, roofs, and outdoor furniture [3-4]. TRC is a
composite material and consists of fine-grained concrete and
textile materials with high tensile and alkali resistance such
as alkali-resistant glass, basalt, and carbon filament. These
high-strength materials are transformed into different textile
structure forms to transfer their technical properties to
concrete. The textile structures with a hollow structure that
such as leno woven fabrics, knitted fabrics with bidirectional
or multidirectional warp, or sandwich knitted fabrics can be
used to allow the passage of the prepared concrete mortar [4-
7]. Technical textile materials used in concrete reinforcement
consist of materials that do not have the risk of corrosion. For

To cite this article: Kurban M, Babaarslan O, Cagatay IH. 2022. The usage of carbon-based filament yarns in different forms in the
design of textile reinforced concrete structures, Tekstil ve Konfeksiyon, 32(2), 173-182.
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this reason, it is not necessary to create thick structures in
order to prevent rusting as in classical reinforced concrete
production. Thanks to these structures, thin, high-strength,
and long-lasting structures that do not carry the risk of
corrosion can be obtained [4, 8].

Concrete mortar has a high alkaline environment and this
environment affects the strength of textile fibers to be used in
concrete reinforcement [9]. Despite alkaline-resistant
filaments are mostly used as a textile component, and coating
these filaments with various materials in order to further
increase their alkali and tensile strength is one of the
common methods used recently [10]. Due to the high cost of
the coating materials used and the complex process steps of
the coating process, alternative methods have been sought in
the composite industry. With this quest, intensive studies
have been carried out on hybrid yarn production technologies
in which the main reinforcement component and
thermoplastic material are combined. Thermoplastic
composites are preferred because they can be processed at
low pressure with temperature. In addition, it provides the
possibility of production suitable for automation according to
thermoset composites. However, there are problems in the
impregnation process due to the high viscosity of the
thermoplastic material in the melt. Therefore, the necessity of
close contact between the reinforcement component and the
thermoplastic component arises [11]. Hybrid yarn production
technologies can provide this desired close contact. There are
different hybrid yarn production techniques available and
these methods aim to reduce the damage applied to the
reinforcement component during the process [12].

Based on this, an alternative to the textile structures
commonly used in concrete reinforcement was sought.
Despite the disadvantages of the coating process applied in
TRC production, the use of hybrid yarn production
technologies is becoming widespread.

Halvaei et al. 2020, used carbon woven textiles for TRC
production. These textile structures have gaps to allow
concrete flowing. These gaps' sizes are changing from 0 to
20 mm. Since the reinforcement components contribute to
the flexural direction, the performance of the samples was
examined with the four-point flexural test. When the textile
gap size was reduced, the samples gave higher flexural load
and toughness. When the gap size was chosen as 2 mm
instead of 20 mm, the flexural strength increased
approximately 4 times, the toughness increased 8 times. It
is thought that the more textile volume percentages causes
this. When the gap size is zero, the infiltration of the
concrete matrix into the textile material decreases in the
samples and therefore shows a weaker performance. As a
result of the study, it was found that the gap size of the
textile structure is an important component in the flexural
behavior of TRC [13].

Kravaev et al. 2009, developed and produced hybrid yarn
with commingling technique. Thanks to this yarn, TRC was
able to carry more loads. It was used AR-Glass fibers and
water-soluble PVA yarns to produce hybrid yarn. At the

end of production, the strength of hybrid yarns is 30%
lower than conventional roving. Despite this, the hybrid
structures is still twice as much as the strength of the
composite structure that its sterngth is 500 N/mm? [14].

Merter et al. 2016, their study have showed the influences
of hybrid yarn preparation method and fiber sizing type on
the mechanical properties of composites that consist of
glass and PP fibre. The air-jet and direct twist method were
selected to produce composite material from hybrid yarn.
When they produced fabrics with the air-jet hybrid yarn
preparation method, they achieved the best glass fiber
orientation. The tensile strength test was applied to
investigate to the influences of production parameters on
the mechanical properties of composites. Composite panels
with similar fiber volume ratios were produced with both
hybrid yarn production methods and their mechanical
properties were compared. The best mechanical properties
were obtained with the usage of air-jet hybrid yarn. PP resin
and PES resin were used as sizing agents. It has been
observed that the PP resin sizing agent contributes more to
the bending and shear properties [15].

Hengstermann et al. 2016, have produced the hybrid spun
yarns with reinforcement and thermoplastic component.
They have used staple CF (Carbon fibre) as a reinforcement
component and PA6 fibre as a thermoplastic component.
Two different fibre length have used as a 40 mm and 60
mm. The length of used fibers, their mixing ratio, and their
orientation in the card web are crucial factors in the carding
process. Fibers with a length of 60 mm provide better
carding effect and therefore better orientation.
Consequently, if 60 mm fibers have used, the sliver quality
has found to be better owing to the excellent orientation of
fibers. In order to increase the strength of hybrid yarns, 60
mm fiber should be used as fiber length, yarn twist and CF
ratio should be increased [16].

Funke et al. 2013, created a new superior-performance
hybrid material for construction applications. For this, they
combined textile reinforced concrete (TRC) and glass fiber
reinforced plastic (GFRP). When TRC has high strength
and durability, GFRC has high strength and design
flexibility. The advantage of these two materials is
combined in the hybrid material obtained. In comparison,
while the tensile strength of fiber reinforced concretes is 12
MPa, ultra-high performance concretes 15 MPa, and textile
reinforced concretes 44 MPa, the designed hybrid material
has 165 MPa tensile strength. The test results showed that
the usage of this hybrid structure as a building material is
possible. The high tensile strength, low density and high
design flexibility of the hybrid material increase the usage
of the material in the construction industry [17].

Kurban and Babaarslan 2020, produced hybrid yarns to use
at TRC production. AR-Glass and PP filament were
combined with the commingling technique. They utilized
the Taguchi orthogonal design to optimize the parameters
of commingling yarn production. When the effect of hybrid
yarn production parameters on breaking strength was
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examined, it was determined that the machine speed with
62.6%, air pressure with 15.4%, and the amount of feed
with 9.6% had the effect [18].

The braiding technique, which is one of the hybrid yarn
production techniques, has been used in textile production
for about two centuries. A structure is formed by braiding
three or more threads crosswise over each other [19-20]. In
the braiding machines, which have two main types as a
fixed and variable cross-section, only three-dimensional
braiding machines allow the production of products with
variable cross-sections [20]. With the technological
developments in braiding machines, the usage areas of the
products have expanded and their usage in technical
applications has increased [21].

Kurban et al. 2017, in their study, alkali-resistant glass
filament yarn was used for concrete reinforcement such as
raw roving, epoxy resin coated, and hybrid yarn that was
produced with the braiding technique. The yarns were not
converted to the surface but placed in the concrete in the
direction of bending. As a result of the study, samples
produced from epoxy coated yarn contributed 78% to
flexural strength compared to samples using raw filament
yarn, while samples produced using hybrid yarn contributed
12% [22].

In this study, it is focused on whether the braiding
technique, which has different applications in the textile
industry but has not been studied in concrete reinforcement,
can be used to create a textile structure for concrete
reinforcement.

2. MATERIAL AND METHOD
2.1 Material

Carbon roving fibers are used as reinforcement materials in
this study. Three different patterns of these materials were
used in this investigation: (i) raw yarn, (ii) epoxy resin
coated yarn, and (iii) hybrid yarn. Carbon fiber roving
(DowAksa) was used as raw yarn for the first pattern. For

the second pattern, carbon fiber roving was coated with
epoxy resin (SR 8500/ SD 8605 from Sicomin). For the last
pattern, carbon fiber roving for reinforcement material and
polypropylene (PP) filament yarn (Aker Textile Yarn) for
thermoplastic matrix material were combined to obtain
hybrid yarn. Braiding technique, which has different
application areas, such as shoelaces and ship rope, was
chosen to obtain hybrid yarn. Hybrid yarns were produced
by combining reinforcement and matrix components on a
tubular braiding machine consisting of 16 spindles (Figure
1). The obtained hybrid yarn is a compact yarn structure in
which the reinforcement and thermopastic component is
combined into a single yarn. In order to obtain hybrid yarn
with braiding technique, continuous carbon filament was
placed in the center where braiding is performed, and PP
filaments were placed in the 16 sindles around the center. In
the hybrid yarn production process, while the continuous
carbon filament moves, the PP filamentsi the spndles, rotate
around the carbon filament, and thermoplastic component
are braided on the reinforcement component. Properties of
carbon roving and PP filament yarn were shown in Table 1.

Hybrd yarn
Carbon roving

PP filament

Figure 1. Braiding machine
2.2 Method

Three different yarns were transformed into two different
textile structures. Each textile structures have 10x40 yarns
or 10x8 yarns (Figure 2). The first pattern (raw carbon
roving) is winded to a special mold with noches getting
textile surface (Figure 3).

Table 1. Properties of hybrid yarn materials

Linear density (tex) Density (g/cm3) Tensile strength (MPa)  Young’s modulus (GPa)
Carbon 1600 1,78 4200 240
PP 66,6 0,9 550 3,5

(a)

by

Figure 2. Textile forms using raw roving: (a) 10x40, (b) 10x8
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Raw carbon rovings are winded in the mold to form textile
structures in two different forms.

Figure 3. Special molds with notches

For the second pattern, carbon roving coated epoxy resin
and they were winded to a frame getting a textile structure.
After coated carbon rovings were formed textile strucures,
all textile structres were put the oven for curing epoxy
resin. The epoxy resin coated textile structures were pre-
heated and fixed at the appropriate temperature and time as
specified in the technical data sheet (TDS).

For the last pattern, hybrid yarns are winded in a frame to form
a textile structure (Figure 4). Next, these structures were put in
a hot compression device. Matrix fibers (PP filament) melted
between hot compression molders. Then the molten
thermoplastic component covers the reinforcement component
which is the carbon roving. After hot compression, textile
structures with hybrid yarns were obtained (Figure 5).

Contrary to molds in which raw carbon filaments are
winded, textile surfaces obtained from the epoxy resin
coated filament or hybrid yarn are put in different molds
(Figure 6). These molds have holes and the strands to be
used to fix the structures are passed through these holes.
After the concrete pouring process, the structure fixing
strands are removed. The textile structures were placed at
three different distances from the bottom of the sample: (a)
3 mm, (b) 5 mm, and (c) 10 mm.

TRC is produced from high workability concrete. In order
to meet this requirement, fine-grained concrete was chosen
as the matrix in the study. Aggregates with a maximum
particle size of 0.5 mm were used to obtain fine-grained
concrete. In this way, it is ensured that the concrete matrix
passes easily through the gaps of the textile structures and
settles in the mold homogeneously. After all textile
components were prepared, concrete was prepared as
shown mix proportions in Table 2.

After the prepared concrete mortar was poured into the
lubricated molds, a vibrator was used to better settle the
concrete in the mold and to reduce the number of air
bubbles. The dried samples were removed from the mold
after 1 day and placed in the pool in the curing chamber to
be cured according to the TS EN 12390-2 standard [23].

The prepared fine-grained concrete mixture is poured into
molds of 150x150x150 mm and 400x100x20 mm. While
150x150x150 mm cubes are used for the compression test,
400x100x20 mm beams were used for the four-point
flexural test. According to TS EN 12390-3 standard [24],
the compression tests were carried on the 150x150x150mm
cubes out in UTEST compression test machine (Type UTC-
5750) (Figure 7, a). The loading rate was chosen at 4
kN/sec. The average compressive strength of a cube
specimen was measured as 52,3 MPa. According to TS EN
12390-5 standard [25], the four-point flexural tests were
carried on the 400x100x20mm beams out in ELE flexural
test machine (Model 37-6330) (Figure 7, b). The loading
rate was chosen at 0,05 kN/sec.

A comparator was attached in the mid-span (Figure 7b).
During the test, when the deflection was measured from the
comparator, the load was measured by the load cell in the
test machine, too. The placement of the sample in the
flexural test machine is seen in Figure 8.

"H--I-ll‘llnlh

{ a‘ill‘ ]

(b)

Figure 4. Frames to form textile structures from hybrid yarns: (a) 10x40, (b) 10x8

_
Textile structure \““‘-t Hot compression

Frame «

(a)

/ molder

(b)

Figure 5. (a) Hot compression device, (b) Textile structure after hot compression
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Figure 6. Special molds with holes for structure production from epoxy resin coated filament or hybrid yarn

Table 2. Fine-grained concrete matrix composition

Material Cement Fly ash Siliceous fines Siliceous sand Superplasticiser =~ Water
CEMI425R (0-0.3 mm) (0.2-0.5 mm)
Content (kg/m?) 480 240 642 503 10,8 284

Figure 7. (a) Compression test machine (b) Flexural strength test machine

i

|

\ A —
A L
50| 100 l 100 |_ 100 |50 |_ 100
1 1 1 1 ! l
400

Figure 8. Four-point bending test setup and sample sizes

The flexural behavior of the different test specimens were
compared according to TS EN 12390-5. According to the
test standard, the deflection and flexural stress was
expressed [25]. The results of the experiment are described
as flexural strength and load-deflection curves. The flexural
strength is calculated by Equation (1).

(P1) (1)

7= bn?)

Where o is the flexural strength, P is the load, I is the span
of the specimen, b is the width of the cross-section, and h is
the height of the cross-section.

The area under the load-deflection curve gives the flexural
toughness. The evaluation of the flexural toughness of the

TRC specimens was carried out by adopting the energy
method. The energy absorption is calculated by Equation

Q).
%)
w =j0 Fdo @)

W is the energy absorbed by the specimen, N mm; 6 is the
mid-span deflection, mm; F is the load, N.

3. RESULTS AND DISCUSSION
3.1 Flexural strength

The flexural strength of samples are shown in Figure 9. The
use of carbon roving as a reinforcement component
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contributed to the flexural strength for each reinforcement
type, on both textile structures and at all distances. There
are different parameters in the study such as reinforcement
type, reinforcement location, and textile structure type. The
effect of these parameters were explained in the next
sections. The unreinforced concrete sample was coded as
WR (without reinforced). The samples with raw carbon
roving were coded as RC. The samples with epoxy resin
coated carbon roving were coded as EC. The samples with
hybrid yarn were coded as HY.

60

£ 50 I I
2 o
g) 40 W
: |
Z 30 I
E I I
= I
Z20 . o ([ L :
= i
10 A
0
10x40 10x8 10x40 10x8 10x40 10x8
WR 3 mm 5 mm 10 mm
WR 546
RC 21,51 17,68 16,68 17,09 11,97 11,67
EC 53,54 53,83 41,65 45,59 20,82 33,18
HY 23,7 231 19,34 19,55 16,09 15,74

Figure 9. Flexural strength of TRC samples

3.1.1 Effect of reinforcement type

The flexural strength of all samples with reinforcement is
higher than that of without reinforcement. As seen in Figure
9, the greatest contribution to the flexural strength was
obtained in the samples where epoxy-coated textile
structures were used. The lowest contribution was obtained
in the samples using raw carbon filament. Based on the
highest mean flexural strength values, the reinforced
samples showed an increase in flexural strength of
approximately 9.8 times with epoxy resin coated carbon
roving, 4.3 times with hybrid yarn, and 3.6 times with raw
carbon roving compared to the unreinforced sample. Even
at its lowest flexural strength values, epoxy resin coated
carbon roving contributed 446%, hybrid yarn 188%, and
raw carbon roving 114% according to the unreinforced
sample. Each reinforcement component contributed to the
flexural strength thanks to its mechanical properties. With
the contribution of the thermoplastic structure in the hybrid
yarn structure, the flexural strength increased compared to
the raw filament samples. In the use of epoxy resin, a high
flexural strength has been obtained due to the superior
mechanical properties of the material. For example, when
the 10x8 reinforcement component is used at 3 mm, hybrid
yarn contributed 30.7% and epoxy coated contributed
204.4% according to the raw carbon roving.

3.1.2 Effect of reinforcement location

As seen in Figure 9, flexural strength increases as the textile
structure get closer to the sample base. As the textile
reinforcement structures approached the sample bottom,
they contributed more to the flexural strength as more stress
was created in the sample bottom during bending. In the

10x40 textile structures, for raw carbon roving, when the
textile structures are placed 5 mm, it gives 39,3% better
flexural strength than 10 mm, when the textile structures
are placed 3 mm, it gives 29% better flexural strength than
5 mm. For epoxy resin coated carbon roving when the
textile structures are placed 5 mm, it gives 39,7% better
flexural strength than 10 mm, when the textile structures
are placed 3 mm, it gives 28,5% better flexural strength
than 5 mm. For hybrid yarn, when the textile structures are
placed 5 mm, it gives 20.2% better flexural strength than 10
mm, when the textile structures are placed 3 mm, it gives
22.5% better flexural strength than 5 mm. In the 10x8
textile structures, for raw carbon roving, when the textile
structures are placed 5 mm, it gives 46,4% better flexural
strength than 10 mm, when the textile structures are placed
3 mm, it gives 3,5% better flexural strength than 5 mm. For
epoxy resin coated carbon roving when the textile
structures are placed 5 mm, it gives 37,4% better flexural
strength than 10 mm, when the textile structures are placed
3 mm, it gives 18,1% better flexural strength than 5 mm.
For hybrid yarn, when the textile structures are placed 5
mm, it gives 24,2% better flexural strength than 10 mm,
when the textile structures are placed 3 mm, it gives 18,2%
better flexural strength than 5 mm.

3.1.3 Effect of textile structure type

In this study, two different textile structures such as 10x40
and 10x8 were used. While the number of yarns in the
bending direction was kept constant, the number of yarns in
the other direction was changed. In the use of epoxy resin
coated carbon roving, the flexural strength of 10x8 textile
structures is higher than 10x40 textile structures. The
flexural strength of samples with 10x8 textile structure
placed at 3 mm, 5 mm, and 10 mm increased by
approximately 1%, 9,5%, and 11,3%, respectively,
compared to samples with 10x40 textile structure. In the
raw carbon roving and hybrid yarn, the flexural strength of
both textile structures is similar, except raw carbon roving
at 3 mm. In the raw carbon roving at 3 mm, 10x40 textile
structure contributed 21,6% according to the 10x8 textile
structure.

3.2 Load-deflection curve

In order to explain the flexural strength of textile reinforced
concrete, the bending state of composite structures should
be examined. The bending behavior of textile reinforced
concrete under load can be modeled as the load-deflection
curve shown in Figure 10. The load-deflection curve
technically consists of two main regions and is defined as
Case I: Uncracked concrete and Case 11: Crack stabilization
[5, 26].

State I corresponds to the elastic state of the textile-
reinforced concrete element without cracks, where the
stiffness is purely a function of the concrete matrix. It
consists of a linear slope in this region. The first cracking
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occurs when the tensile strength of the concrete is reached,
and then the stress in the crack area initiates the stresses in
the textile component used as reinforcement. At the end of
crack formation it stabilizes in State II, where stress
reinforcement of the concrete is said to be effective. In this
region, it consists of a linear but lower slope than in State I.
Finally, in the end of State II, when the reinforcement
component in the textile-reinforced concrete reaches its
final limit load, the test sample breaks when the filament
breaks or the filament is pulled out [5, 26].

State I

S Lo

State IT |

R

6 First crack

Load (kN)

] 5 10 15 20 25
Mid-span deflection (mm)

Figure 10. Load versus mid-span deflection for TRC under four-point
bending, with indicated stages

The load-deflection curves of the samples produced from
different reinforcement types are shown in Figure 11. In
order to observe the effect of the reinforcement type, the
load-deflection curves of the samples with 10x40 or 10x8
textile structures which give the highest load value, are
placed at 3 mm, were examined. To compare the load-
deflection curves, the load and direction axis values are
kept constant. All curves were plotted up to the maximum
load. As seen in Figure 11, all samples showed similar
behavior up to the part where the first crack occurred. After
the first crack formation, the slope of the load-deflection
curve decreases. However, samples with raw filament and
hybrid yarn have a similar and low slope, while epoxy resin

10x40 textile structure at 3 mm

RC EC HY

0 1 2 3 4 5 6 7 8
Deflection (mm)

coated samples have a greater slope. Hybrid yarn samples
gave greater load and deflection value according to samples
with raw carbon roving. It is thought that the thermoplastic
reinforcement in the hybrid yarn protects the reinforcement
filament and contributes more to the flexural strength,
causing an increase in load and deflection. For example, in
the use of 10x40 textile structure at 3 mm, for 2 kN load, a
deflection value of 3,2 mm was obtained by raw filament,
while a deflection value of approximately 4,3 mm was
obtained in the use of hybrid yarn.

The load-deflection curves of the samples obtained when
the textile structures are placed at different distances are
shown in Figure 12. In order to observe the effect of the
reinforcement location, the load-deflection curves of the
epoxy resin coated samples with 10x40 or 10x8 textile
structures were examined. In order to compare the load-
deflection curves, the load and direction axis values are
kept constant. All curves were plotted up to the maximum
load. Since the highest flexural strengths were obtained in
epoxy resin coated samples, the effect of reinforcement
location was investigated in these samples. As can be seen
in Figure 12, the first crack formation in all samples took
place a bit later than in the unreinforced sample. After the
first crack formation, the slope of the load-deflection curve
increases from 10 mm to 3 mm. A greater load is required
to achieve the same deflection value as the reinforcement
component approaches the bottom of the sample. For
example, in the use of 10x8 textile structure, for 4 mm
deflection, a load value of 6 kKN was obtained at 3 mm, a
load value of 4,5 kN was obtained at 5 mm, and a load
value of 3,5 kN was obtained at 10 mm. Textile
reinforcement components should be placed close to the
sample bottom in order to obtain greater flexural strength
for a constant deflection value. In addition, when Figure 12
is analyzed, it is seen that 10x8 textile structures give
higher load and deflection values than 10x40 textile
structures. It is thought that the reason for this is that the
10x8 textile structures allow the concrete to flow more due
to the hollow structure and the concrete matrix-textile
reinforcement bonding is more.

10x8 textile structure at 3 mm

RC EC HY

Load (kN)

0 1 2 3 14 5 6 7 8
Deflection (mm)

Figure 11. Load-deflection curves of the samples with 10x40 and 10x8 textile structure at 3 mm
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Figure 12. Load-deflection curves of the epoxy resin coated samples with 10x40 and 10x8 textile structure

3.3 Flexural Toughness

The energy absorptions of samples are shown in Figure 13.
The effect of reinforcement types, reinforcement location,
and textile structure type on energy absorption is seen in
Figure 13.

The use of epoxy resin coated or hybrid yarn as a
reinforcement component contributed to the energy absorption
for each textile structure and at all distances according to
samples with raw carbon roving. In the use of epoxy resin
coated yarn, the energy absorption of 10x8 textile structures is
higher than that of 10x40 textile structures. This is a similar
result to that of the flexural strength graph.

When the energy absorption and flexural strength graphs are
examined, it is seen that they are similar to each other. While
samples with epoxy resin coated to give the highest values,
samples with raw filament give the lowest values. For 10x40
textile structures, while the flexural strength of samples with
hybrid yarn textile structures placed at 3 mm, 5 mm, and 10
mm increased by approximately 10,2%, 16%, and 34,4%
respectively, compared to samples with raw filaments, the
energy absorption of samples with hybrid yarn textile
structures placed at 3 mm, 5 mm, and 10 mm increased by
approximately 73,4%, 115.1%, and 253,6% respectively. For
10x8 textile structures, while the flexural strength of samples
with hybrid yarn textile structures placed at 3 mm, 5 mm, and
10 mm increased by approximately 30,7%, 14,4%, and
34,9% respectively, compared to samples with raw filaments,
the energy absorption of samples with hybrid yarn textile
structures placed at 3 mm, 5 mm, and 10 mm increased by
approximately 100%, 97,3%, and 92,4% respectively. The
use of hybrid yarn instead of raw filament made a greater
contribution to energy absorption according to flexural

3H2

s ——————
B R —————

strength. The reason for this is that the thermoplastic
structure in the hybrid yarn contributes more to the deflection
as well as the increase in flexural strength.
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Figure 13. Energy absorbtion of samples
3.4 Failure Modes

In this section, crack images of the samples after the
flexural test are given in Figure 14. The fracture images of
raw, epoxy resin-coated and hybrid-fiber carbon filament
reinforced samples placed at a distance of 3 mm from the
base after the flexural test are given. When Figure 14 is
examined, it has been observed that fractures occur in the
vertical and diagonal directions to the bending axis in the
samples where raw filament structures are used. In the
samples where epoxy resin coated and hybrid yarn
structures were used, fractures occurred along the bending
axis and in the diagonal direction. Fracture formations show
that the bond between the textile structure and the concrete
is good or moderate in samples where raw filament textile
surfaces are used. The fractures in the samples where epoxy
resin coated and hybrid yarn structures are used show that

(a) (b)

(e)

Figure 14. Failure modes of specimens with different materials (a) RC, (b) EC, (c) HY
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the connection between the textile structure and the
concrete is moderate or weak. While covering the raw
filament with epoxy resin or using it in the form of hybrid
yarn increases the flexural strength of the structure, it
reduces the textile structure-concrete bond.

4. CONCLUSION

This article has shown the effect of the reinforcement types,
reinforcement location, and textile structures on the flexural
behavior of TRC by analyzing the results of four-point
flexural tests. The main conclusions are as follows:

e All reinforcements contributed to the flexural strength
according to unreinforcement sample. While epoxy
resin coated samples provided the highest contribution,
the lowest contribution was obtained in raw roving
samples.

o The textile reinforcement structures contributed more to
the flexural strength as they approached the sample
bottom, as it better accommodated the stress on the
sample bottom during bending.

e When 10x40 textile structures were placed at 3 mm for
all reinforcement types, it gave more deflection than
10x8 textile structures. When the flexural strengths are
examined, 10x40 textile structures in the use of raw
carbon roving and hybrid yarn have higher values at
other usage distances except 5 mm. In the use of epoxy
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