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Dear participants, 

The 16th of the International Izmir Textile and Apparel Symposiums, which have been 

held regularly since 1976, IITAS 2023 (XVIth International Izmir Textile and Apparel 

Symposium) was carried out between 25-27 October 2023 in İzmir-Çeşme, by Ege 

University Faculty of Engineering, Department of Textile Engineering. IITAS, which is 

organized every three years, aims to discuss current issues in the field of textiles, bring together 

many researchers and experts in the national and international arena, and exchange information 

on scientific developments and the latest innovations. IITAS is also an important event in terms 

of demonstrating the power of Türkiye in the field of textile and apparel, strengthening relations 

in this field, and establishing new collaborations. Organizing such a symposium in 2023 on the 

100th Anniversary of the Republic of Türkiye has a special meaning. 

As in the past International Izmir Textile and Apparel Symposiums, there was a high 

rate of participation in the symposium this year as well. More than 450 participants (38 

foreign participants) from 20 different countries, including academicians, middle and senior 

managers working in the textile and apparel industries, employers and students, participated in 

IITAS 2023. 

The opening ceremony; including valuable opening speeches, a presentation entitled 

“The Development of Textile Industry in the Republic of Türkiye” and a panel on 

“Opportunities and Threats for the Turkish Textile and Apparel Industry on the 100th 

Anniversary of the Republic” was performed on 25 October. The plenary sessions held by 

well-known keynote speakers from home and abroad on 26-27 October 2023 were followed by 

oral and poster presentations in three parallel sessions, where innovative studies in the field of 

textile engineering were discussed by researchers. In these sessions, 68 oral presentations and 

22 poster presentations were made by a total of 24 researchers from industry and 44 

academicians. 

Thank you for your attendance to IITAS 2023, we hope to be together again at the IITAS 2026 

in İzmir! 

Best Regards 

Prof. Dr. E. Perrin Akçakoca Kumbasar 

Chairperson of Organizing Committee 
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ABSTRACT 
 
The contribution presents the course "Holistic thinking and acting" at the Faculty of Natural Sciences and 
Engineering of the University of Ljubljana and the explanation why this course (change) is important. Holistic, 
transdisciplinary and critical thinking about systems and consequence of their interconnections provides insight 
into the complexity of relationships in the world and encourages listeners to make more responsible and sustainable 
decisions for the future. 
 
Key Words: holism, education, sustainability, change 
 
1. INTRODUCTION  
 
The humanity is exploiting the Earth’s limited natural resources as if they were endless. The 
measure of our overuse of natural resources is Earth Overshoot Day (Day of ecological debt), 
the day on which humanity uses all natural resources available in one year. It is the day when 
we, humanity, enter ecological debt to future generations. The Earth Overshoot Day in 2023 
was August 2nd. Earth Overshoot Day in developed countries occurs much earlier, in Slovenia, 
for example, it occurred on April 18th [1].   
 
In 1987, the United Nations defined sustainability as “meeting the needs of the present without 
compromising the ability of future generations to meet their own needs”[2].   Sustainability is 
often described as having three dimensions (or pillars): environmental, social and economic. In 
everyday usage, sustainability often (wrongly) focuses just on the environmental dimension. In 
addition to environmental dimension, focus on social and economic dimensions is needed.  
 
In 2015 the 17 Sustainable Development Goals (SDGs) were adopted by the United Nations as 
a universal call to action to ensure that by 2030 all people enjoy peace and prosperity. The 
SDGs are integrated and address social, economic and environmental aspects of sustainability 
and evolution of them. [3]  
 
According to SDGs definition our actions (education, research, development, production…) 
should be holistic. In the frame of this article, holism is meant that parts of a system (in our case 
world) are in intimate interconnection, so that they cannot exist independently of the whole, or 
cannot be understood without reference to the whole. If we see all parts of the system 
interconnected, we understand that every change in the system will affect all parts of the system. 
If this is so than we should plan all our actions holistically. We, as Humanity, face sustainability 
crisis mainly because we do not think and act holistically.  
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2. DISCUSSION 
 
2.1 Problem statement 
 
Reasons for the sustainability crisis are proposed as follows: world economic system(s), 
overproduction and consumerism which all together give rise to unsustainable set of basic 
values such as: constant growth and profit. 
  
Current world economic system – capitalism promotes constant growth, consequence of which 
is overproduction. The mindset of overproduction is: produce – sell – get profit. Consumerism 
is a consequence of overproduction. We buy without asking important questions such as: How 
and where have the raw materials been grown, produced? How and where have the goods been 
produced? How many kilometres has the product travelled? Why is the price of the product so 
low? What will happen to the product when I stop using it?  
 
A balanced world with balanced development and balanced growth for the benefit of all should 
be our common goal. In the equation of the wealth of the countries' healthy environment, 
healthy people, healthy society, and balanced GDP should be included.  
 
Stakeholders who can make a change in current sustainability crisis are: Consumer, Economy, 
Politics (legislation), Educators.  
 
Stakeholders must act responsibly and sustainably. They need knowledge, awareness and 
courage to make a change. As we change our values, we can also change our habits (as 
consumers, workers, politicians, and educators). To change our current approaches, thinking 
out of the box, creativity, holism and ethics are needed. Examples of changed approaches could 
be for example: lower consumption, local production, homogenous textile products production, 
products with longer life, fair trade, no child work, 40 hours or less working week, etc. 
 
2.2. Education 
 
Among the stakeholders who can make a change (Consumer, Economy, Politics (legislation), 
Educators), are the educators those who have the strongest tool to make a long-term change. 
Noam Chomsky describes current approach in education as:... “still, mostly, the product of the 
industrial age, focused on profits and wealth which relies on mass consumption, GDP, constant 
growth concept, etc. Additionally suggests that society simply reduces education to the 
requirement of the market. The education process is reduced to knowledgeable educators who 
just transfer information rather than to help students formulate higher level thinking skills on 
their own. Under this kind of education, people have the idea that, from childhood, young 
people have to be placed into a framework where they’re going to follow orders. This model of 
education imposes a debt which traps young people, into conformity. That is the exactly the 
opposite of what traditionally comes out of the enlightenment in which the highest goal in life 
is to inquire and create. An essential part of this kind of education is fostering the students need 
to challenge authority, think critically, and create alternatives to well-worn models. The goals 
of education should be to encourage the development of the students natural capacity, to 
produce human beings whose values are not accumulation and domination, but instead free 
colaboration on equal terms, the development of critical thinking skills and the process of 
gaining sustainable related values [4] [5] [6]. 
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Richard Felder points out that it is essential to view learning as a community responsibility. 
Young people need to be integrated, fully contributing members of the broader community, so 
they can feel useful and valued. Educators should focus on issues of how to nurture well-
rounded, emotionally intelligent students and make educational change in more fundamental 
ways, understanding, acquisition of critical thinking, formation of positive attitudes and self-
confidence [7].  
 
Albert Einstein believes that the aim of education must be the training of independently acting 
and thinking individuals who, however, see in the service to the community their highest life 
achievement [8]. 
 
Because of the rapid technological changes and concomitant information that is now readily 
available, it is suggested that educational institutions should refocus their curriculum and 
strategies of teaching. The pedagogy must be more than mere assimilation of facts, figures and 
knowledge but rather provide a combination of skill set and concepts to anchor the 
sustainabliliy-related values  that would ensure the optimum balance between technology and 
humanism in the future.  
 
Modern education will enable us to develop competencies for the future, to switch from one 
discipline view to transdisciplinary view, to switch from narrow to holistic view and to develop 
more sustainability-related value system. New education would foster young minds with the 
tools for creating better tomorrow and more responsible global citizens who will contribute to 
the wellbeing and progress of humanity. 
 
3. HOLISTIC THINKING AND ACTING 
 
New course “Holistic thinking and acting” is introduced at Faculty of Natural Sciences and 
Engineering at University of Ljubljana. With the new course the famous thought of Albert 
Einstein, “that we cannot solve problems with the same thinking we had when we created 
them”, is followed. Our vision is course in which a balanced technological and social sciences 
knowledge will be given.  
 
In the first part of course, the reflection and discussion about the characteristics of the today's 
world will be discussed (industrial production, constant growth, new economic trends, the role 
of people in the work process, ethics, values and social responsibility). The concept of 
sustainability with emphasis on all three components (environment, society and economy) and 
the UN SDGs and Holistic approach will be presented and discussed. Students will propose and 
discuss changes that could alter current trends. 
 
Further, developmental psychology, which connects holistic problem solving with the 
development of thinking and personality, will be presented. The holistic approach is connected 
with the development of various forms of post-formal thinking, such as contextual, 
dispositional, pragmatic, interactionist, relativistic, systemic and dialectical, with the remaining 
ways of understanding oneself and the world and the development of expertise and wisdom. 
Through reviews, discussions and case studies, students will become familiar with the laws and 
forms of the different methods of problem solving. In doing so, they will focus not only on 
technical, but also on ethical and environmental aspects, impacts on social systems and society, 
and on diverse interactions between the individual and technological solutions. By learning to 
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solve problems holistically, students of technical professions will expand their work horizons 
and responsibly understand how their decisions affect the environment. 
 
Basics of lateral thinking, which was founded by Edward de Bono, the world's leading authority 
in the field of creative thinking, will be presented to students. It's about finding solutions to 
intractable problems using unorthodox methods that logical linear thinking would normally 
ignore. It is related to parallel thinking, which is distinguished by tolerance of different points 
of view, design, creation, research, stringing together possibilities without judgment, 
overcoming dualism, cooperation, inner world, etc. In the frame of holistic rhetoric, special 
attention will be paid to respectful, decent, ethical and moral communication. 
 
Fractal drawing method will be one of the topics introduced to the students. The strength of the 
method is also that it enables us to act and think holistically. Positive effects of drawing fractal 
drawings are: active relaxation, balancing emotions, greater ability to learn and remember, 
greater problem-solving ability, improving memory, focus, developing creativity and creative 
thinking, strengthening self-confidence, improving health, reducing stress etc. [9]  
 
One of the topics of the new course will be also the field of fashion design with sustainability 
and holistic thinking being its integral part. The teacher will encourage students to think 
holistically, establish reflections and self-reflections, and question their role. They will reveal 
the duality of fashion and explore models based on inclusivity, cooperation, empathy and 
especially compassion. They will explore how cooperation and compassion can transcend 
existing market practices and social relations. 
 
4. CONCLUSION 
 
A highly evolved and technically developed world needs focus on emotionally and socially 
developed human beings with high awareness who can use knowledge and new technology 
tools for building a better world. Based on holistic knowledge and understanding of deep 
interconnection of technology and social sciences, the strategy(es) for the future would meet 
the needs of the present without compromising the ability of future generations to meet their 
own needs. The aim of the new course “Holistic thinking and acting” introduced at Faculty of 
Natural Sciences and Engineering at University of Ljubljana was formed to address this 
challenge.  
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ABSTRACT 
 
Recent scientific studies on water, which is the most important source of living things, focus on microplastic 
pollution. Microplastics are plastic residues in very different shapes, smaller than 5 mm, and although it is seen as 
the most serious environmental problem in water resources, waste water, soil and air, although national and 
international regulation has not been adopted on microplastic pollution yet. This study, which characterizes 
microplastics in groundwater samples taken from Ergene Basin and process wastewater from an integrated textile 
mill, is a pioneering research in the sector in terms of microplastic determination. 
 
Key Words: Microplastics, textile wastewater, method evaluation, microscopic analysis, FTIR analysis 
 
1. INTRODUCTION 
 
As a result of decomposition by physical, photodegradation, chemical or enzymatic factors 
plastics in nature sun, water, air, etc., it mixes with soil, water, air and participates in the food 
chain by changing its physical properties (such as shape, color, crystallinity and density). With 
by their surface area and pore size, they also adsorb other toxic chemicals, and the amount they 
adsorb tends to be higher in naturally aged plastics [1]. Microplastic pollution is a parameter 
that has started to be monitored relatively late compared to other pollutants, especially in 
domestic and industrial wastewater. Especially the hydrophobic hazardous chemicals that 
microplastics can contain show that microplastics are a carrier pollution source especially for 
the aquatic ecosystem [2]. Although there is no internationally valid method for the 
determination of microplastics, scientists have developed many physical and chemical 
determination methods in the face of this pollution that threatens all living things globally. 
Examples of physical methods are sieving, filtration, visual separation, separation by density 
difference; separation with the aid of acidic, basic or other chemicals, enzymatic separation and 
analytical methods are examples of chemical methods such as SEM/EDS, FTIR, NIR, Raman 
spectrophotometry and NMR [1, 3, 4]. In a study, it was determined that the most abundant 
microplastics in different WWTP wastewater were polyester terephthalate fibers and 
polyethylene particles. With the study, they reported the microplastic removal efficiency as 92-
99% by weight as a result of primary, secondary and tertiary treatment. It has been emphasized 
that more attention should be paid to secondary source synthetic fibers obtained from textile 
products compared to microbeads from primary source personal care products [2]. 
 
2. EXPERIMENTAL 
 
In this study, water samples from groundwater and wastewater samples from woven fabric 
dyeing and finishing processes, which are supplied from integrated textile mill in Ergene 
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Region, were taken as composite samples totally in 5 lt volumes. Water samples were collected 
in 1 lt glass bottles. The convensional paramater test result of samples is given in Table 1. 
 

Table 1. Temperature of Water/Wastewater Samples 
 

Samples Colur 
(ISO 7887) 

Temperature 
(°C) 

pH Conductvity 
(µs/cm) 

Groundwater (*) colourless 20 7,8 296 
Proses Wastewater  
(from dyeing, medium coloured) (**) 

57; 68; 154 70 11,02 14,81 

Proses Wastewater  
(from finisihing) (***) 

NA; 1,7; 1,5 24 6,91 0,49 

Test report referances (*) In-house test (F.258);  
(**) Third party test TURA190035472; (***)Third party test TURA190035476 

 
All samples kept in refrigerator in ±4°C for a one month. Then samples were get processes to 
primary treatment to elevate organic compounds from wastewater samples. Although there are 
many primary treatment methods for the separation of microplastic residues in wastewater 
samples in the literature, the catalytic Wet Peroxide Oxidation (WPO) method has been 
preferred because of its effective and fast oxidation time [5]. The water and wastewater samples 
were treated according to the wet oxidation-chemical method as given in Masura protocol [6]. 
 

    
Figure 1. Sample in wet oxidation process 

 
All samples were treated in temperature 95°C and added H2O2 (hidrogeneperoxide) till until the 
foaming on the water surface ceases. Then all samples were colded to room temperature and 
filtered under a vacuum pump using a nylon (PA) filter according to the filtration-physical 
method. Naylon filters (100 micron) were divided equal sections to scan area more easy, shown 
in Figure 2. The filter papers were examined under a light microscope LEICA DM750.  
 

   
Figure 2. 100 micron naylon filters and vacuum pomp  
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Figure 3. Light microscope (LEICA DM750) 

 
FTIR analyzes of virgin sythetic fiber (polyester), recycle polyester fiber and raw water and 
untreated wastewater samples were also completed in Thermo Fisher Scientific Nicolet IS 10 
FTIR [7]. 
 

 
Figure 4. Thermo Fisher Scientific Nicolet IS 10 [7] 

 
3. RESULTS 
 
In order to better interpret the wastewater microscope analyses, all textile rawmaterials of fabric 
processed were examined in 4X, shown in Figure 4. Raw materials and wastewater samples 
have been investigated in light microscope and FTIR. Results are given in Figure 4, Figure 5 
and Figure 6.  
 

 
 (a)         (b)   (c)      (d)           (e)  

Figure 4: Microscobic images of (a) recycled polyester fiber; (b) warp yarn; (c) weft yarn;  
(d) woven greige fabric; (e) woven dyed fabric 
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Figure 5: Microscobic images of microplastics from wastewater  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 6: (a) Virgin polyester fiber and recycled polyester fiber; 

(b) Dissolved polyester fiber and dissolved recycled polyester fiber; 
(c) Proses wastewater from 100% R-PET, 66% R-PET and 32% R-PET fabrics; 

(d) Recycled polyester fiber; recycled polyester yarn with sizing; recycled polyester yarn without sizing.  
 
Microplastics on filter counted manually and summarized in Table 2. 

 
Table 2. Temperature of Water/Wastewater Samples 

 
Type of MP’s Number of MP’s/ 

1 lt in Wastewater 
Number of MP’s/ 

Dyeing Process in Wastewater 
Fragment 23 more than 115.000 
Filaments 126 more than 630.000 
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In the FT-IR analyzes examined, it is seen that virgin polyester fiber and recycled polyester 
fiber have similar peaks and wavelengths. Dissolved polyester fiber and dissolved recycled 
polyester fiber appear at the same peak and wavelength. When process wastewater from 100% 
R-PET, 66% R-PET and 32% R-PET fabrics is examined, 66% R-PET is seen in the 1270-1 IR 
band corresponding to the C-N stretch. Recycled polyester fiber; recycled polyester yarn with 
sizing; When recycled polyester yarn without sizing is examined, although the same peaks and 
wavelengths are observed, the bands corresponding to the C-H, -OH group and the IR band 
corresponding to C-N stretching have a sharper peak. 
 
4. DISCUSSION 
 
Textile microplastic emission test standard need to be standardized both in production and 
domestic washings. Different finishes, durable press finishes consume less oxygen and are 
followed by the lowest degradation. This is due to the chemical bond between the fiber and 
respective chemicals, resulting in slow down the biodegradation of fibers. Industry need to 
avoid from mechcnical finishings and high temperature of dyeing/washing processes. 
Production in low temperature and short processing time are helpful to increase fiber pollution.  
 
5. CONCLUSIONS 
 
Detection of microplastic pollution in water and raw wastewater originating from fabric dyeing 
finishing processes in an integrated textile mill operating in Ergene Basin producing woven 
fabrics is considered as a pioneering study. The detected microplastics were supported by 
microscope analysis and FTIR analysis. The presence of fiber and microplastic was detected in 
all samples. Microplastic concentration was mostly determined in process wastewater and in 
the form of polyethyleneterephthalate-based filaments. 
 
The rapid increase in the use of synthetic raw materials together with the increasing 
consumption in the textile industry in recent years also significantly affects the microplastic 
pollution. It should be aimed to detect this pollution with detailed analyzes on process (source) 
basis and to prevent pollution with research and development studies. When the synthetic fiber 
fragments released to the marine environment, textile chemicals and dyes integrate with fiber 
fragment to create additional health hazardous to the aquatic environment. 
Emissions of hazardous chemicals and microplastic are depends on; raw material (yarn) type, 
raw material (yarn and fabric) production method, textile wet processes method, textile wet 
process duration, textile wet process temperature, auxiliary chemicals, garment sewing threads 
and sewing cunstrucion. These studies will serve as a guide for industrial enterprises for the 
national/international requirements that are planned to be implemented in the near future. 
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ABSTRACT 
 
Smart textiles made from electrospun photosensitive membranes have attracted attention due to their promising 
results in various fields. Electrospinning was selected to prepare poly (ε-caprolactone) (PCL)-based membranes 
with 5.7 wt.% of DTE content to obtain the photosensitive properties. The influence of DTE on the PCL nanofiber 
morphology and photo-reactivity of the DTE-PCL-based membrane was studied by scanning electron microscopy 
(SEM) and photo spectrophotometer. Upon alternative irradiation with ultraviolet (UV) and visible (vis) light, the 
resultant membranes display photoswitching behaviors. Thus, the electrospun PCL–DTE nanofibers may be 
promising candidates for photochromic sensors. 
 
Key Words: Photo-responsive textile, electrospinning, PCL, DTE, thermochromism 
 
1. INTRODUCTION 
 
The development of smart fibers that respond to external stimuli has become one of the basic 
building blocks in the development of smart textiles and wearable devices [1]. Color-changing 
structures have received particular attention in recent years due to their potential application in 
wearable screen design and information encryption [2]. As a result, much research has focused 
on the development of color-changing fibers capable of reacting to UV light, magnetism and 
temperature [3]. Photoreactive fibers that undergo reversible light-induced color change are 
expected to be widely used in rewritable optical data storage systems, visual environmental 
sensors, and information encryption. Smart textile structures based on photochromic molecules 
have received increasing attention in recent years due to their enormous potential for 
applications to detect and respond to external environmental conditions and stimuli [4]. 
 
Photochemical compounds are generally classified according to the photo-induced chemical 
reactions involved. Thus, we distinguish quinolones-acetones with intramolecular hydrogen 
transfer, spironaphtoxazines with a dissociation process, fulgides and diarylethenes with 
pericyclic reactions, azobenzenes with cis-trans isomerizations [5]. Diarylethene (DAEs) and 
more specifically Dithienylethenes (DTEs) have gained great popularity in photoactuator 
research for its bistability (P- Type photochromes) in contrast to AZOs, good quantum yields, 
high fatigue resistance, and a rapid photochromic response [6]. The functionalization of textile 
materials using these compounds must take account of their intrinsic properties, such as low 
affinity with the material, low solubility in water, and sensitivity to high temperatures. So, 
among the various possible routes, such as encapsulation, sol-gel treatment, and spinning, 
electrospinning is considered to be one of the preferred methods for using photochromic 
compounds in textiles [7]. Photochromic dithienylethene (DTE) derivatives as photochromic 
pigments are interesting since these compounds stand out most for their outstanding thermal 
stability, rapid photoresponse, and excellent fatigue resistance under a light stimulus. Moreover, 
in addition to the light-responsive, the design and construction of efficient multi-stimuli 
responsive switches have attracted numerous studies [8]. 
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Electrospinning is a simple method for producing nanofibers from polymer solutions. The 
process is based on applying a high electrical potential to a polymer melt or solution over a 
finite distance between a conductive needle and a grounded collector. When the electrical 
charge at the tip of the needle overcomes the force due to surface tension and viscosity, a jet of 
polymer is ejected from the apex of the cone, then directed towards the grounded collector. 
During the flying time, the solvent evaporates and the fibers are deposited on the collector in 
the form of a randomly oriented nonwoven. Obtaining an electrospun structure depends on a 
large number of interdependent variables, including operating and formulation parameters. 
 
The aim of this study is to analyze the effect of incorporating DTE into a PCL matrix on the 
properties of the electrified structure. The produced fibers can respond to the UV light with a 
visual color change. The resultant electrospun mat not only presents favorable reversible color-
changing performance under UV light, but also exhibits remarkable colors witching ability in 
a visible light environment. At the same time, the fabric has the advantages of fast fading rate. 
It is believed that this research will open up a new way for the development of more effective 
and smart photosensitive textiles. 
 
2. EXPERIMENTAL 
2.1 Materials 
 
Polycaprolactone (PCL) with an average molecular weight of 37,000 was procured from 
Perstorp, located in Skåne County, Sweden. N, N-Dimethylformamide (DMF), obtained from 
CARLO ERBA (Val-de-Reuil, France) and chloroform (CHCl3), purchased from Sigma 
Aldrich (Dorset, UK), were used as solvents for PCL. The photochromic molecule used in this 
study is 1,2-bis(2,3-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-cyclopentene 
(DTE), purchased from TCI (Zwijndrecht, Belgium). 
 
2.2 Preparation of photo-responsive fibers 
 
In this work, the photo-responsive fibers were fabricated using the facile electrospinning 
method. 120 mg of DTE was introduced into a solution of PCL (21 wt.%) solubilized in a 
chloroform/DMF mixture (9/1 v/v). After stirring for 30 minutes at room temperature, the 
solution was left to stand for a few minutes to eliminate trapped air bubbles. The experimental 
setup for producing a series of PCL nanofibers consisted of a CAT000002 electrospray starter 
kit from Spraybase® AVECATS (Kildare, Ireland), which comprised three main components: 
a 10 mL plastic syringe fitted with a 20-gauge needle and attached to a microinjection pump, a 
high-voltage power supply (generator) and a grounded collector. The voltage applied between 
the nozzle and the manifold was set at 20 kV, while the microinjection pump was set in this 
study at 0.7 mL/h. An aluminum foil collector was placed 20 cm below the metal needle to 
collect the electrospun samples. Collection times were adjusted to 1 hour. After collection, the 
samples were dried for a few minutes at room temperature. All electrospinning experiments 
were carried out under constant temperature and relative humidity conditions of 25°C and 45%, 
respectively. 
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2.3 Characterization 
 
The morphology and size of the obtained nanofibers were analyzed by scanning electron 
microscopy (SEM) using a Hitachi S4700 instrument. 
 
Color parameters were obtained using a CM-3610a spectrophotometer (Konica Minolta) in 
reflectance mode in the 360-740 nm wavelength range. Samples were exposed to two types of 
light radiation, i.e., (i) a UV flashlight (365 nm, 1W) at a distance of 2 cm, and (ii) a visible 
flashlight (593 nm, 3W) at a distance of 3 cm, in a black box under 90° irradiation. The samples 
were then exposed to a UV light source (365 nm), and spectrophotometric measurements were 
taken every 10 seconds after the source was removed, varying the exposure time between 0, 10, 
15, 30, 60, 120, 600, and 1200 seconds to analyze staining. The same procedure was used for 
decolorization under visible light. The spectrophotometer was used to determine the fatigue and 
fading rate of photochromic membranes. First, the photochromic membranes were irradiated 
with UV light for 20 minutes and then decolorized for 20 minutes under visible light in the 
dark. The irradiation and decolorization process was repeated 10 times. After each irradiation, 
the maximum absorption of the electrospun membrane was measured and compared with the 
original state of the material. 
 
3. DISCUSSION 
 
3.1 Color characteristic value of photochromic DTE-PCL-based membrane 
 
The photochromic property was studied in detail by CM-3610a spectrophotometer to elucidate 
the membrane's reversible color change. The membrane was excited by the UV lamp for 20 
minutes, then by the visible lamp for 20 minutes. Initially, the membrane shows a white color, 
which is attributed to its high reflectance to visible light. After being irradiated for 20 minutes, 
a new absorption band centered at 593 nm appeared. This peak is the characteristic absorption 
peak in the blue region (Figure 1). The photochromic performance of the membrane is attributed 
to the incorporation of DTE. The open-form isomer (OF) is the most stable isomer. According 
to the electro-cyclization reaction of a 1,3,5-hexatriene unit, which involves 6 atoms and 3 
double bonds (𝜋 pairs), the photochromic reaction - also known as photo-cyclization - consists 
of closing the OF ring to result in a closed form (CF). After irradiation in the visible light, the 
photochromic mechanism is reversible, i.e., the light-induced opening of the ring is called 
photoreversion. In general, for most DTEs, photocycling is induced by UV light, while 
photoreversion is induced by visible radiation. 
 
In addition, during continuous UV irradiation, there is a significant change in the a* (colors 
corresponding to red and green) and b* (colors corresponding to blue and yellow) values, L* 
(value corresponding to brightness). The a* value rises from -0.21 to 4.96, showing an 
increasing trend towards the red hue, while the b* value rises from -0.53 to -20.26, showing a 
shift towards the blue hue. The change in the L* value from 93.93 to 71.09 illustrates a decrease 
in brightness. The absorption value of the fabric can reach saturation after 20 minutes of UV 
irradiation, and prolonging the irradiation time will hardly increase the absorption rate of the 
fabric. After 20 minutes of visible irradiation, the a*, b* and L* values are reset to their initial 
point. 
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Figure 1. Evaluation of the photochromic response. 

 
 
3.2 Color performance of the photochromic electrospun membrane 
 
Figure 2 discusses the color-changing performance of photochromic cotton fabric from the 
aspects of irradiation time and fading time. From the figure, it can be found that the absorption 
value of the membrane can reach saturation after 600 s of UV irradiation. Similarly, the 
discolored membrane can quickly return to its original state within 600 s under visible light. 
Thus, it can be concluded that the manufactured photochromic electrospun membrane can 
change color rapidly and fade quickly under the induction of UV and visible light. 

 
Figure 2. The irradiation saturation time and fading rate of the electrospun PCL membrane. 

 
The kinetic model shown in Eq. (1) follows first-order kinetics and is generally used to describe 
photochromic colour behaviour for both the colouration and decolouration reaction as seen in 
figure 2 [9]. 
 

∆E(t) = (∆E୲ୀ − ∆E୲ୀଵଶ) × exp ቀ
ି୲

த
ቁ + ∆E୲ୀଵଶ

 
               (1) 

 
Based on the kinetic model, the electrospun membrane functionality was specified by its 
achieved colour difference upon activation with UV-light and visible-light, its rate constant of 
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colour increase 1/colouration (1/decolouration) or to achieve maximum colouration (decolouration) 
difference. 
At first glance, the coloration kinetic (cyclization process) is approximately 13 times faster than 
the discoloration kinetic (photoreversion process). Even ig the irradiation power was not the 
same (2W vs 3W), a quasi-complete photocyclization (97%) is achieved in about 30 seconds 
while for the photoreversion process it takes 400 seconds. This result was expected since the 
photocyclization yield is 200 times larger than the reversion process. Nevertheless, the result is 
rationalized considering the power difference, and the penetration of the light is more efficient 
for the UV compared to the visible. 
 
The behaviors of DTE incorporated into all of the PCL matrixes studied here manifested normal 
photochromism, which indicates that the used polymer matrix is not sufficiently polar enough 
to induce drastic change in the microenvironment of DTE required for observing reverse 
photochromism. The reverse photochromism can occur only under visible light or in the highly 
polar microenvironment of the matrixes. 
 
The kinetics of the photochromism in these electrospun membranes were quantified using 
simple mono-exponential models in order to take into account the homogeneous distribution of 
free volume in the polymer matrixes and to compare the photodynamics among them. The data 
were fitted with an exponential function to find the goodness of fit, which show R2 > 0.95. 
 
3.3 Cycle stability of the photochromic electrospun PCL 
 
It is very necessary to evaluate the photochromic performance of the material from the two 
perspectives of the color change rate and the fading rate because it reflects the light sensitivity 
of the photochromic material.  
 

 
Figure 3. Changes of the K/S value of PCL electrospun membrane at 580 nm before and after UV / visible 

irradiations for 10 cycles. 
 
Fatigue resistance plays an important role in photochromic materials because it is related to the 
service life of materials. The fatigue resistance of the photochromic DTE-PCL electrospun 
membrane can be assessed by the number of cycles of reversible color. It should be pointed out 
that to test the reversibility of the system, we have operated 10 successive irradiation cycles of 
60 seconds for a colorless OF membrane and 10 minutes for CF membrane, starting with visible 
light (to purge the CF traces present in the membrane). Figure 3 analyzes the fatigue resistance 
of the photochromic DTE-PCL electrospun membrane from the perspective of K/S value. It can 
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be observed from the figure that the color accounting and absorbance of the photochromic 
material hardly change after 10 cycles. 
 
4. CONCLUSION 
 
In conclusion, a smart PCL electrospun membrane for photoresponsive properties with a fast 
light response and high fatigue resistance was fabricated through an electrospinning process 
based on the use of DTE and PCL. The as-prepared material can reach the maximum color 
difference within 30 s of UV irradiation and fade after 600 s with visible irradiation. It can still 
maintain fast color switching after 10 reversible cycles. 
 
In addition, the color changes of this membrane are accompanied by photomechanical effects 
(PME). Displacement amplitude increases up to 400 μm, and UV and visible amplitudes are 
not similar for a given irradiation time (1h) and LED power (700μW). The amplitude of 
displacement in the visible appears to be directly proportional to the amount of DTE, whereas, 
in the case of UV, the situation is undoubtedly more complex due to the shielding effect (OF 
and CF both absorb UV). Because of this difference, the overall displacement (additive 
displacement for each irradiation cycle) can be controlled by the irradiation period. Kinetic 
analysis of the displacement tracking profile should show that PME is totally controlled by the 
propagation of the OF/CF gradient along the material. The characteristic forward-backward 
times are, in this case, fully correlated with the kinetics of coloration or fade of the electrospun 
substrate. 
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ABSTRACT  
 
Today, resin (ion exchange) or reverse osmosis systems can be used depending on the character of the raw water 
to be treated and the purity of the water to be obtained, or it is possible to use the two as complementary systems. 
To create a sustainable textile production, the main challenge has been linked to lesser usage of water, energy, and 
chemicals in production processes. Double RO systems operated with pre-ion exchange systems will be the 
sustainable solution for consistent and high-quality process water with lower water waste. In this study, a dyehouse 
that uses, resin (ion exchange) and double reverse osmosis systems is given. 
 
Key Words: Reverse osmosis (RO), Process water, Water consumption, Sustainability 
 
1. INTRODUCTION  
 
The textile industry is one of the longest and most complex industrial production/supply chains 
in the manufacturing industry [1]. Besides, it is one of the largest consumers of water and 
chemicals for wet processing of textiles [2]. The textile industry uses water for the generation 
of steam, for removing impurities, applying dyes, and finishing agents. Therefore, successful 
results in the textile wet processing are strongly dependent on the quality of water. 
 
Natural and pre-treated water may contain a variety of chemical species that can influence 
textile wet processing in general and dyeing in particular [3]. Unreliable, inconsistent and/or 
contaminated incoming water have a major effect on the repeatability of dyeing and the quality 
of goods. Hard water causes the dyes to precipitate with the hardness components during the 
alkali fixation stage and therefore soft water should be used in all dissolving and dyebath 
processes [4]. Wash off processes are less effective with hard water and lead to poor wash and 
rub fastness. The alkalinity in water can also act as a buffer and make it difficult to achieve the 
extremes of pH required for reactive dyeing. Sources of water with variable bicarbonate content 
can adversely affect the reproducibility of the dye fixation conditions [4]. Thus, dye houses 
need a consistent supply of soft water or the ability to soften water on-site. Consistent and 
uncontaminated process water ensures on-time delivery in a cost-effective way. To ensure 
production is as consistent as possible, high-water quality should be maintained, monitored on-
line and off-line and records retained as part of quality management systems. Today, resin (ion 
exchange) or reverse osmosis systems can be used depending on the character of the raw water 
to be treated and the purity of the water to be obtained, or it is possible to use the two as 
complementary systems. Ion exchange involves removing the hardness ions calcium and 
magnesium and replacing them with non-hardness ions, typically sodium supplied by dissolved 
sodium chloride salt. It is reversible, and regeneration simply involves treatment with a 
concentrated solution of a salt containing the appropriate anion [3]. On the other hand, reverse 
osmosis (RO) is a technology that is used to remove a large majority of contaminants from 
water by forcing the water to pass through a semi-permeable membrane under pressure [5] and 
provide high and consistent process water. However, main drawbacks of RO are, high 
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installation cost, fast fouling of the membranes and significant water waste during the 
purification. 
 
In this study ion exchange and RO systems are explained, general water consumptions of these 
systems are summarized. Then, a dyehouse example is given and analyzed which uses an ion 
exchange systems and double RO system. Ion exchange systems is used for pre-softening of 
the municipal water, and it prevents the fast fouling of RO membranes. Second RO system is 
used for recycling the waste water from first RO and ion exchange systems in order to reduce 
the total water waste. 
 
2. METHODS FOR PROCESS WATER PREPERATION 
 
2.1 Sand Filtration system 
 
These filters are used to remove pollutants such as particulate matter in water, clay, silt, 
colloidal particles that cause turbidity from water. Sand filters consist of sand layers with 
different grain sizes. The water is filtered by passing through these layers at filtration rates 
selected according to the pollutant concentration it contains.  Backwashing takes place 
automatically depending on time or pressure difference to throw out the pollutants held by the 
sand filter during filtration. Sand filters are generally used for well water filtration, filtration of 
surface waters (river, lake, sea), for pre-filtration before softening systems, for pre-filtration 
before reverse osmosis systems, filtration of treated wastewater and pool water filtration 
processes [6] They are important because unfiltered water will cause very rapid clogging of 
membrane systems. 
 
2.2 Ion exchange system 
 
The two most common ion-exchange methods are softening and deionization [7]. Ion exchange 
in water treatment involves removing undesirable ionic contaminants from the water by 
exchanging them with another ionic substance. This chemical process works by removing 
dissolved ionic contaminants from the water. These ions are swapped for better ones that won’t 
degrade the quality of water. Ion exchange system for textile process water mainly used for 
softening and remove magnesium and calcium ions from the process water [8]. Softening is 
used primarily as a pretreatment method to reduce water hardness prior to reverse osmosis (RO) 
processing.  
 
The ion exchange process will take place between a liquid and a solid. While the liquid is always 
water, the solid can be either zeolite or a resin material. Resin materials can only be charged 
for a specific period and when ions are no longer able to be exchanged, the resin will need to 
be recharged. Resins are generally recharged with sodium chloride [8]. 

 
 

 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

22 
 

 
 

Figure 1. Schematic representation of ion-exchange system 
 

2.3 RO system 
 
Osmosis is the spontaneous movement of water from the low-density side to the high-density 
side in two solutions of different concentrations with a semi-permeable membrane between 
them. In this way, the system seeks to reach equilibrium by eliminating the concentration 
difference. Osmosis is a spontaneous event in nature. All plants take water from the soil and 
transmit it to the leaves through the semi-permeable cell membrane. 
 
Reverse Osmosis, on the other hand, is the reversal of the osmosis phenomenon by applying 
pressure to the side with the higher density. Water passes from the pressure-applied side to the 
low-concentration side. While the semi-permeable membrane allows the passage of water, it 
does not allow the passage of ions dissolved in the water, purifies the water from all ions (95%-
98%). RO requires high pressure depending on processed water because natural osmotic 
pressure must be overcome.  Wastewater carries the rejected contaminants. 

a) b)  
Figure 2. a) Representation of reverse osmosis flow [7], b) Reverse osmosis system [8] 
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Membrane of Reverse Osmosis  
The semi-permeable membrane is the heart of the reverse osmosis water treatment system. 
Reverse osmosis provides the transition from a less dense medium to a very dense medium by 
pressure. Membrane pores are about 8-10 angstroms. There can only be a molecular passage 
through such small pores. The reverse osmosis membrane retains 95 – 98% of the dissolved 
substances in the water under high pressure. While the trapped ions are thrown out in the 
concentrate line, the water passing through the membrane and gaining purity is stored in the 
pure water tank. 
 
There are two common types: cellulose acetate (CA) and polyamide thin film composite (TFC). 
One advantage of the CA membrane is it is more resistant to chlorine than the TFC membrane. 
However, TFC membranes are much more efficient and superior in performance overall 
compared to CA membranes [10]. 
 
The RO membrane can be configured in different ways (such as plate & frame, hollow fiber, 
spiral wound), but the most efficient and economical configuration is spiral wound 
configuration [Figure 1a]. Unlike dead-end filtration where there are only feed and product 
streams, crossflow filtration has three streams (feed, permeate and concentrate streams). 
 
3. A CASE STUDY OF DOUBLE REVERSE OSMOSIS 
 
In this study a dyehouse “Nesa-3” is given. Sand filter, softening and reverse osmosis systems 
(Figure 1b) are used to prepare the process water, respectively. Sand filter prevents the fast 
fouling of RO membranes, ion exchange systems is used for pre-softening of the municipal 
water. Then the first RO system (RO1) removes all the ions in the water and this water is given 
into the RO poll and then to the enterprise for dyeing processes, while the second RO system 
(RO2) is used for recycling the wastewater from RO1 and ion exchange systems in order to 
reduce the total water waste. Enterprise has a 1000 tons of hard water pool, a 750 tons of soft 
water pool, a 250 tons of clean RO poll and two 20 tons of waste holding tanks.  
 
Initial feeding hardness of municipal water in Denizli Organized Industrial Zone (DOSB) is 
between 40-50 dHo and its conductivity is about 1940 µS depending on seasonal conditions. 
After softening (ion-exchange) process, hardness decreased to 1-2 dHo, and conductivity 
increased to 2.55 mS. This water is collected in soft water pool. All pretreatment, washing and 
finishing processes except dyeing use this softened water. 
In ion-exchange process, resin should be recharged periodically and recharging of resin’s total 
waste water is about 25 tons for each 220 tons of processed water. Approximately 12 tons of 
this waste is directly discharged because of the high salt content, 13 tons is sent to the waste 
tanks for recycling at RO2.  
 
Feeding water of RO1 comes from the soft water pool, then permeate is sent to clean RO pool 
and concentrate stream is sent to waste tanks. When these waste tanks are full, RO2 starts to 
operate, again permeate is sent to clean RO pool and final concentrate stream is discharged. 
Hardness of RO permeate is 0 dHo and its conductivity is about 80-90 µS. 
 
Data for softening (ion-exchange) process and double RO are collected between 1st and 11th of 
September 2023. Softened water which was processed through ion-exchange system was about 
5060 tons, resin recharging waste was 575 tons. From this recharging waste, approximately 275 
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tons was sent to waste tanks. RO1 processed 1610 tons in total, permeate was 1150 tons which 
was sent to clean RO pool, concentrate was 460 tons which was sent to waste tanks, then to 
RO2. RO2 processed 275 tons from ion-exchange and 460 tons from RO1, 735 tons in total. 
RO2 sent 380 tons to clean RO pool and discharged 355 tons to the Central Wastewater 
Treatment Plant of DOSB. Efficiencies are given in Table 1.  

 
Table 1. Feeding, permeate, concentrate, discharge and efficiency of ion-exchange, RO1 and RO1 

 
01.09.2023- 
11.09.2023 

Total 
Feeding  
(tons)  

Permeate 
(tons) 

Concentrate 
(tons) 

Discharge 
(tons) 

Efficiency 
(%) 

Ion-exchange 5060 5060 - 299  
RO1 1610 1150 460 - %71 
RO2 735 380 355 355 %52 
 Total 

discharge 
654 %13 

 
First RO system generates approximately 30-35% of wastewater. When it is operating feeding 
stream is about 40 m3/h, permeate is about 30 m3/h and the waste stream is about 10m3/h. For 
the given days, RO1 generated 29% waste water. Permeate stream was measured 32.5 m3/h and 
waste stream was measured 12.5 m3/h for RO1 which were close, slightly better than the 
predictions. RO2 system processes both RO1 and ion exchange system’s waste and recovers 
approximately 50-55% back. When the waste tanks are full, it starts to operate and processes 
20 m3/h, and waste stream from RO2 is about 10 m3/h. In general, approximately 11-15% of 
total waste (concentrate) is produced which is much lower than the use of single RO system. 
For the given days, RO2 generated 52% waste water which was as expected. Efficiency of RO2 
is generally affected from the concentrate of RO1 and resin washing water contaminants. Thus, 
its efficiency is lower than RO1. When we evaluated the total waste over 5060 tons of feeding, 
it was about 654 tons and around 13%.  
 
3. CONCLUSIONS 
 
In order to create a sustainable textile production, the main challenge has been linked to lesser 
usage of water, energy and chemicals in production processes. Double RO systems operated 
with pre-ion exchange systems will be the sustainable solution for consistent and high-quality 
process water with lower water waste. For further studies RO system can also be adapted for 
finishing waste recycling.  
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ABSTRACT  
 
In this study, denim fabrics (99 % cotton /1 % elastane) were dyed with 7 different dyes and washed with 4 different 
recipes, in three of which ozone technology was applied. Color fastness to crocking, dimensional stability, tear 
strength, yarn strength, Martindale abrasion resistance, color fastness to washing, color changes of the obtained 
denim fabrics were evaluated and compared to each other. Positive effects of ozone gas on the physical and fastness 
properties of the fabrics were observed. In conclusion, ozone technology is successful in denim industry in terms 
of waste usage, resources, energy and cost. 
 
Key Words: Denim, washing, ozone, sustainability 
 
1. INTRODUCTION  
 
Denim fabric which is one of the oldest fabric forms in the world, still remains young as the 
most important part of the textile industry. Due to its simplicity, comfort and longevity, denim 
clothing is found in wardrobes of all ages. In the past, consumers used to wash denim several 
times at home to soften it. Later, this process was started by the manufacturers and consumers 
accepted the extra costs from this transaction. Manufacturers used abrasive stone to speed up 
the color-fading process, which was called as stone washing. Then, chlorine (sodium 
hypochlorite) was used and followed by the enzyme cellulose. In time, dry processes such as 
laser, ozone and plasma became popular when wet processes were found to be too harmful to 
the environment and nature. 
 
The natural element of ozone is referred to as "Active Oxygen". The mixture of three oxygen 
atoms forms the ozone molecule which is unstable, colorless, has a specific odor, and is gaseous 
at room temperature. In addition, it can not be stored due to high-temperature sensitivity or can 
not be moved from one place to another. In this procedure of denim washing, clothes are washed 
with ozone that breaks up in water in a typical washing machine. However, it can also be 
performed in a shut chamber by utilizing ozone gas. The advantages of this method are the 
minimum loss of strength, being simple, being water- and chemical-free. In other words, it is 
an environmentally friendly process with low energy costs.  
 
Two types of ozone applications, gaseous and wet processes, exist in the textile dyeing industry. 
For wet cycles, fluid ozone is more useful than vaporous ozone since the working rule of 
completing machines is appropriate for arrangement. Utilization of vaporous ozone needs 
exceptional airproof machines in view of word-related wellbeing and solace. The material of 
the sealed gasket needs to oppose vaporous ozone. (Körlü, A. 2018). On the other hand, levels 
of ozone can arrive at hazardous degrees of 0.5 ppm, and the breaking down impact that ozone 
has on denim clothing (especially denim put away on retail retires) is basically irreversible.  



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

27 
 

In this study, the same type of denim fabrics dyed with seven different dyes were washed with 
ozone for different durations and they were compared to the control samples which were not 
processed with ozone washing. The samples were evaluated according to their tear strength, 
yarn strength, fastness to crocking, and washing fastness. As a result of the tests, it was seen 
that ozone washing would be a suitable choice for the desired denim end product. 
 
2. EXPERIMENTAL 
 
99% cotton and 1% elastane denim fabrics dyed with 7 different dyes were washed with 4 
different recipes. For recipe 1, stone washing was applied for 20 min. For recipe 2, pre-ozone 
was applied for 2 min followed by stone washing for 20 min and rinsing for 6 min. Finally, 
ozone was applied for 3 min. For recipe 3, stone washing was applied for 20 min followed by 
rinsing for 6 min and ozone was applied for 5 min. For recipe 4, stone washing was applied for 
20 min followed by rinsing for 6 min and ozone was used for 20 min. After washing processes, 
color fastness to crocking and washing, dimensional stability, tear strength, yarn strength, and 
Martindale abrasion tests of the samples were performed and the results were deeply evaluated. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Yarn Strength  
This test was conducted by taking 20 yarns in warp and weft direction from fabrics. Test results 
show the amount of the load that can be applied to the yarn until it breaks. The results are 
summarized in Table 1. Mechanical and chemical effects in the content of washing recipes 
affect the yarn strength structure. The effect of washing with ozone on yarn strength is very 
close to traditional methods. There does not appear to be any significant difference in yarn 
strength results between recipes. 

 
Table 1. Yarn strength test results of the samples 

 Sample Name  Max 
Force 

Applied 

Min 
Force 

Applied 

Tensile 
Strenght 

(N) 

Extension 
(%) 

Recipe 1 
 
 

T743-Pure 
Indigo 

Warp 1632 1029 1260 10.5 
Weft 856 721 792 8.9 

T750-Indigo-
Black 
Overdye 

Warp 1349 1084 1233 10.2 
Weft 784 589 732 8.2 

T746-Sulphur Warp 1685 1034 1382 9.13 
Weft 632 804 728 10.85 

T744-
Islandblue 

Warp 1636 1255 1420 10.6 
Weft 884 615 778 13.8 

T747-
Sulphur-black 
overdye 

Warp 1361 974 1117 7.2 
Weft 859 648 778 10.52 

 
 

T748-Sulphur 
bottom 

Warp 1465 1141 1306 9.18 
Weft 821 692 751 8.8 
Warp 1608 1056 1413 8.01 
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T745-Pure 
indigo 

Weft 904 642 795 7.76 

Recipe 2 

T743-Pure 
Indigo 

Warp 1477 1118 1272 10.8 
Weft 891 743 818 15.59 

T750-Indigo-
Black 
Overdye 

Warp 1325 1106 1213 8.572 
Weft 886 483 697 12 

T746-Sulphur Warp 1329 1091 1233 7.07 
Weft 706 545 706 6.5 

T744-
Islandblue 

Warp 1315 1150 1241 10.5 
Weft 861 611 737 15.12 

T747-
Sulphur-black 
overdye 

Warp 1378 948 1186 8.7 
Weft 857 626 738 18.5 

T748-Sulphur 
bottom 

Warp 1277 1038 1120 10.38 
Weft 745 615 680 9.78 

T745-Pure 
indigo 

Warp 1504 1149 1298 9.5 
Weft 897 663 775 10.8 

Recipe 3 

T743-Pure 
Indigo 

Warp 1407 961 1165 7.94 
Weft 827 668 741 7.57 

T750-Indigo-
Black 
Overdye 

Warp 1232 930 1125 6.19 
Weft 830 598 751 6.6 

T746-Sulphur Warp 1595 818 1149 9.4 
Weft 753 546 637 6.43 

T744-
Islandblue 

Warp 1320 1090 1194 6.98 
Weft 783 630 725 7.2 

T747-
Sulphur-black 
overdye 

Warp 1296 963 1131 6.3 
Weft 835 484 666 7.23 

T748-Sulphur 
bottom 

Warp 1408 926 1134 6.7 
Weft 744 530 579 6.69 

T745-Pure 
indigo 

Warp 1444 1089 1237 6.9 
Weft 735 604 656 7.38 

Recipe 4 

T743-Pure 
Indigo 

Warp 1592 1017 1200 9.03 
Weft 884 616 776 9.9 

T750-Indigo-
Black 
Overdye 

Warp 1283 1130 1318 9.6 
Weft 938 722 807 9.85 

T746-Sulphur Warp 1633 1107 1368 9.715 
Weft 825 549 700 8.78 

T744-
Islandblue 

Warp 1498 723 1277 11.7 
Weft 836 666 769 9.3 

T747-
Sulphur-black 
overdye 

Warp 1405 1007 1135 9.08 
Weft 902 523 736 9.2 
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T748-Sulphur 
bottom 

Warp 1328 1071 1166 8.8 
Weft 564 743 618 9.75 

T745-Pure 
indigo 

Warp 1323 970 1198 10.2 
Weft 946 651 797 8.84 

 
 
3.2 Color Fastness to Crocking 
 
This test is applied to both the wet sample and the dry sample. But only their fastness in dry 
conditions were assessed. In general, the application time of ozone plays an effective role in 
dye transfer. Ozone gas reacts with the sulfur and indigo molecules, which are the dyestuff in 
the structure of the denim fabric, and destroys its structure. It provides that the dye is removed 
from the fabric and prevents the dye from sticking to the fabric again. As the application time 
of the ozone treatment increases, more dye is removed, and tests performed on fabrics washed 
with the recipe 4 for color fastness to friction resulted in less dye transfer to the scrubbing cloth. 
Recipe 2, supported by pre-ozone with a short application time, showed a lower performance 
than other recipes. 
 
3.3 Abrasion Resistance 
 
The fabric weights were measured before and after the test and lost in the fabric weigth was 
evaluated. If the samples had been washing by other chemical or mechanical methods rather 
than ozone gas, the abrasion resistance of the fabric would be seriously affected, but products 
treated with ozone gas generally give better results than traditional method. Therefore, it can be 
said that denim washing with ozone gas does not abrade the fabric structure. So it will have a 
more durable fabric against wear in everyday use. 
 
3.4 Dimension Stability 
 
Measurement locations were determined on the samples sewn as half jeans. Throughout the 
whole study, the same measurement locations were used and their values were recorded. 
Measurement locations: Inseam, outseam, knee, calf and leg opening. Measurement of all 
samples was taken from the indicated points before and after washing. When the shrinkage 
percentages were examined, the values are almost the same. 
 
3.5 Tear Strength  
 
Speed and time are the main potential parameters of ozone washing, which mainly affects the 
tear strength of the garment. Due to the constant speed parameter applied in production, the 
points examined were whether ozone gas was used or not and the time applied. The fabric with 
3 minutes of ozone treatment after pre-ozoning gave the highest tear strength value for denim 
fabric. 
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3.6 Color Fastness to Washing 
 
Specimens were dried after washing. The values were measured with the gray scale. It was has 
that ozone gas had good washing fastness properties. As a result of the test, it is seen that the 
use of ozone gas could be preferred instead of traditional methods. 
 
3.7 Color Evaluation 
 
The most clear one is the wash in which the color separated the most intensely from the fabric. 
In other words, it was  after recipe 4, the one ozone gas was applied for 20 minutes. 
 

 
 

Figure 2. (a) Denim fabrics before washing and (b) color changes in denim fabrics after washing. 
 

 
4. CONCLUSIONS 
 
In this study, it was aimed to compare the physical and fastness performance of denim fabrics 
washed with 4 different recipes in three of which ozone washing was applied. When the tests 
of 28 test samples washed with 4 different prescriptions were compared, positive effects of 
ozone gas on the physical and fastness properties of the fabrics were observed. Thus, it can be 
summarized that the usage of ozone technology is successful in denim industry in terms of 
waste usage, resources, energy and cost. 
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ABSTRACT  
 
Textile products with functional features rather than aesthetic and decorative purposes are in the technical textile 
category. One of the areas is construction and buildings. The effect of carbon-based woven fabrics on strengthening 
depending on their physical and chemical properties is the subject of research. Carbon fiber stands out in the field 
of reinforcement with its low density and high strength structure. In this study, woven fabrics in the different fabric 
structure were produced with carbon yarns of 12K 800 tex on specially designed weaving machines. Carbon woven 
fabrics structure on the bending strength of concrete beams were investigated.  
 
Key Words: Carbon Fabric, Woven Carbon Fabric, CFRP, Beam Strength, Building Reinforcement,  
 

1. INTRODUCTION  

Technical textiles are textile materials and products primarily produced for their technical 
performance and functional properties rather than aesthetic and decorative characteristics. 
Technical textiles have evolved over the last century and have become a specialized field 
independent of production technology and materials used in various areas. Towards the end of 
the 1980s, Messe Frankfurt, the organizer of the technical textile exhibition held in Frankfurt, 
Germany, classified 12 application areas [1]. One of the application area of technical textile is 
construction and building textiles (Buildtech) which are included in the classification. Buildtech 
has developed significantly in recent years which are used membrane structures, temporary 
(modifiable) structures, dams, bridges, auxiliary construction textiles used during construction 
and construction production [2]. One of the important points of constructions production is 
reinforcing and retrofitting. So we can say Building textiles, while including various subtopics, 
one of its fundamental areas of focus is building reinforcing and retrofitting. Most of reinforcing 
elements in buldings are:  
 
1-Structural Columns: Columns, which provide vertical support in buildings, can be retro-fitted 
to increase their strength and ductility. 
2- Beams: Beams, which distribute loads horizontally between columns, can be retrofit-ted to 
improve their performance during earthquakes. 
3- Slabs: Slabs, which form the floors and roofs of buildings, can be retrofitted to improve their 
resistance to seismic forces. 
4- Shear Walls: Shear walls are vertical structural elements designed to resist lateral forces 
5- Foundations: Foundations play a crucial role in transmitting loads from the structure to the 
ground 
6- Connections: Retrofitting building connections, such as beam-column connections or wall-
to-floor connections, is crucial for improving the overall structural behavior during earth-
quakes. 
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7- Non-structural Elements: In addition to structural retrofits, attention should be given to non-
structural elements such as partitions, facades, suspended ceilings, and mechanical and 
electrical systems. 
Concrete is a construction material formed by mixing cement, aggregates (fine and coarse), 
water, chemical additives, mineral additives, or fibres, with or without their addition and it 
acquires the necessary properties through the hydration of cement. The components of concrete 
can vary depending on specific needs. Generally, it consists of approximately 70-75% 
aggregate by absolute volume, 10% cement, and 15-20% water. These are the basic ratios. The 
values can be adjusted according to requirements, including the incorporation of chemical 
additives. Solid or liquid chemical binders can be used up to 5% of the total cement content. 
According to TSE 206.2013+A1, concrete is classified into three main categories [3]:  
 
1-Environmental Exposure Classes,  
2-Fresh Concrete Classes  
3- Hardened Concrete Classes 
 
Hardened concrete is primarily classified based on the strength test conducted by curing the 
concrete at 20ºC±2 for 28 days in water saturated with lime. Concrete strength tests are applied 
on hardened concrete. These classifications are used based on these tests, and these 
classifications are used based on these tests. Hardened concrete strength classes are divided into 
two categories depending on whether the concrete is lightweight or normal to heavyweight. 
Lightweight concrete is designated for densities up to 800 kg/m³. Concrete with densities 
between 800-2600 kg/m³ is considered normal, while concrete with densities greater than 2600 
kg/m³ is defined as heavyweight concrete. When measuring the strength of concrete, cylindrical 
specimens with a diameter of 150 mm and a length of 300 mm or cube specimens with an edge 
length of 150 mm are used, and the results are evaluated. The compressive strength classes for 
normal and heavyweight concrete are given in Table 1[3]. 
 

Table 1. Compressive Strength Classes For Normal And Heavyweight Concrete 

Compressive Strength 

Classes 

Minimum Characteristic 

Cylinder Strength fck, cyl 

N/mm² 

Minimum Characteristic Cube 

Strength fck, cube      

    N/mm² 

C8/10 8 10 

C12/15 12 15 

C16/20 16 20 

C20/25 20 25 

C25/30 25 30 

C30/37 30 37 

C35/45 35 45 

C40/50 40 50 

C45/55 45 55 

C50/60 50 60 
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C55/67 55 67 

C60/75 60 75 

C70/85 70 85 

C80/95 80 95 

C90/105 90 105 

C100/115 100 115 

 
Composite materials are materials formed by the combination of two or more materials that do 
not mix. Composite materials are created using a basic reinforcement material and materials 
referred to as resin, which make up the matrix. The combination of these two materials, 
depending on the type of material, results in the formation of a composite material through heat, 
pressure, and chemical reactions.  
Resins are polymer compounds. They are produced in different classes for various purposes. 
Polymers in plastic structures are classified into two groups: thermoplastic and thermosetting 
polymers. These resins falling into this group are further divided into two categories: 
thermoplastic and thermosetting resins.  
Thermosetting polymers form the matrix of complementary resins, with some of the main ones 
being polyester (PES), vinyl esters, polyurethane (PU), phenolics, epoxy, cyanate ester, 
polyphenylquinoxaline (PPQ), polyimide, and polybenzimidazole (PBI) [4].  
 

Table. 2 Physical Properties of Resins 

Properties PU 
Vinil 

Ester 
Epoxy Fenolic 

BMI 

Bismaleimide 

ACTPAsetilenterminated 

polimid 

Density (g/cm³) 1,2 1,2 1,2-1,3 1,3 1,4 1,35 

Tensile Modulus 

(GPa) 
4,0 3,3 4,5 3,0 4-19 4,1 

Tensile Strength  

(MPa) 
80 75 130 70 70 82,7 

Strain %’si 2,5 4 2,-6 2,5 1 1,5 

 
Thermosetting resins are used in military applications, construction reinforcement, marine 
vessels, the automotive industry, wind turbines, and areas requiring chemical and mechanical 
strength properties. The main properties of thermosetting resins are [4] 
 
1- Resistance to solvents and abrasives 
2- Heat and high-temperature resistance 
3- High strength and modulus 
4- Low tensile elongation 
5- Low temperature and pressure requirements for composite processes 
6- Long curing time due to chemical reactions 
7- Non recyclable 
8- Limited shelf life 
9- Easier composite production due to low viscosity liquid resin 
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Epoxy resins are one of the polymers belonging to the thermosetting resin group. They are 
obtained through the polymerization of the epoxy group. They contain epoxy groups consisting 
of one oxygen atom and two carbon atoms in their structure. The most commonly used 
commercial version of epoxies is Diglycidyl Ether of Bisphenol-A (DGEBA), which is formed 
by the reaction of epichlorohydrin and bisphenol-A in a basic condition. Diglycidyl Ether of 
Bisphenol-A is hardened with a suitable cross-linking agent called a curing agent. Curing agents 
often contain amine groups. Materials such as diethylenetriamine, triethylenetetraamine, and 
hexamethylenetetraamine can be used as amine-derived substances. Diethylenetriamine 
(DETA) is one of the most commonly used amine groups.  
 
High-performance fibres are defined as fibres with high tensile strength and high elastic 
modulus. Fibers in this group are referred to as HM-HT (high modulus-high tenacity) fibres. 
Fibers with a tensile strength greater than 3 GPa and an elastic modulus greater than 50 GPa 
are categorized as high-performance fibres [5]. High-performance fibres include aramid fibres, 
basalt fibres, glass fibres, carbon fibres, and high-modulus polyethylene fibres (HPPE). Carbon 
fibres are defined as fibers containing a minimum of 92% carbon content in their composition 
[6]. According to another definition based on a historical classification among fibres, carbon 
fibres are those produced through heat treatment at temperatures above 1000-1500°C [7]. 
Carbon fibres, based on their precursor materials, are classified into three main types:  
 
1- Rayon-based carbon fibres 
2- Pitch-based carbon fibres 
3- PAN (polyacrylonitrile)-based carbon fibres. 
 
Today, 90% of carbon fibres are produced from polyacrylonitrile precursor fibres. PAN fibres 
are obtained through an oxidation process between 180-300°C. The primary goal here is to 
prevent the fibres from melting in the subsequent stages. During oxidation, the fibres are held 
under a specific tension to prevent them from shrinking. PAN fibres, initially white, change 
colour and darken during the process. Carbonization takes place at temperatures between 1000-
1500°C in an inert (N2) environment. Graphitization occurs between 1500-3000°C. PAN-based 
carbon fibres are important high-performance fibres known for their high tensile strength and 
high modulus properties. The physical properties of PAN-based carbon fibres are shown in 
Table 3 [8]. 
 

Table 3. Physical Properties of PAN-based Carbon Fibers 

Properties 

Commercial, 

Standard 

Modulus 

Aviation-Space Industry 

Standard 

Modulus 

Intermediate 

Modulus 

High Modulus 

Tensile Modulus (GPa) 228 220-241 290-297 345-448 

Tensile Strength (MPa) 3800 3450-4830 3450-6200 3450-5520 

Break Elongation (%) 1,6 1,5-2,2 1,3-2,0 0,7-1,0 

Density (g/cm3) 1,8 1,8 1,8 1,9 

Carbon Contented (%) 95 95 95 +99 

Fibres Diameter (µm) 6-8 6-8 5-6 5-8 
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Weaving, in general terms, is defined as the process of manufacturing a surface by intersection 
two groups of threads known as the weft and the warp, passing over and under each other 
according to a specific pattern. The surfaces manufactured through the weaving process are 
referred to as woven fabrics. The weaving manufacturing method has led to the development 
of several types of woven fabrics. In this study, carbon fabrics will be produced using the two-
dimensional two-axial weaving method. In the two-dimensional two-axial weaving fabric 
production method, the warp and weft threads intersect each other at a 90-degree angle. For 
carbon fabrics, the warp direction is used as 0°, and the weft direction is used as 90°. The 
fabric's length can be referred to as the warp direction, while the fabric's width can be referred 
to as the weft direction. There is theoretically no difference between weaving with carbon 
threads and traditional weaving. During the weaving process, the warp threads are arranged and 
moved by the frames they are placed on or move downward to create an opening. With the shed 
open, the weft is inserted into it using a weft insertion system. As the shed closes, the reed 
compresses the weft with a beating motion, and fabric formation occurs. As the shed closes, the 
reed compresses the weft with a beating motion, and fabric formation occurs. According to the 
weaving pattern, it is determined which of the warp and weft threads will be above and which 
will be below. The basic weaving fabric patterns are plain weave, twill, and satin. Unidirectional 
fabrics, also referred to as uniaxial fabrics, contain reinforcement fibres in one direction (either 
warp or weft) for strength and a fine binding fibres in the other direction to complete the pattern. 
They often contain carbon fibres in the warp direction. Bidirectional, also known as biaxial 
fabrics, contain carbon fibres used for reinforcement in both warp and weft directions. In these 
fabrics, carbon threads are typically of the same thread count in both the warp and weft 
directions. The weft and warp densities in these fabrics are usually the same. Common patterns 
for bidirectional carbon woven fabrics include plain weave, 2x2 twill, and 4/1 satin. 
 

  

Figure 1. Bidirectional Woven carbon fabric a) plain weave b) 2/2 twill weave c) 4/1 satin weave 

Buildtech FRPs (from carbon fibres) epoxy resin and carbon fibre reinforced plastics (CFRP) 
obtained with building reinforcement fibre polymer structures are seen as the fastest and most 
cost-effective reinforcement model [9]. In the study on concrete beam samples reinforced with 
fabrics made of carbon fibre, 5 different carbon reinforcement applications were made with 
different two-point tests. As a result of the application, the reinforcement type applied at 45° 
with the axis of the beam gave the highest beam shear strength. [10] Another study conducted 
a hybrid reinforcement study of carbon, glass and glass-carbon blend, 4-point testing on 5 
beams, one of which was a witness, with different layers. It provided flexural strengths between 
30% and 98%. Compared to the unreinforced beam, 30% increase in strength was achieved in 
glass fabric and 57% in carbon fabric. [11] 7 samples in 2 different concrete classes, 1 of the 
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beams with CFRP reinforcement in the C20 and C30 class, with glass fibre fabric and U-shaped 
strips; the rest are L-shaped with CFRP reinforcement. [12] prepared beam samples with 
dimensions of 150x250x1500 mm and a compressive strength of 25 MPa, and made 
measurements with a 3-point test on 4 beams, 3 of which had different reinforcement forms. 
According to the results of their measurements, they stated that they reached the load capacity 
of 165% of the value of the witness sample in the reinforced beams. [13] 9 concrete beams with 
dimensions of 100x100x500 were produced. The concrete used had a compressive strength 
class of 30 MPa. Out of these beams, one served as a control sample, and the remaining 8 beams 
underwent CFRP (Carbon Fiber Reinforced Polymer) applications of varying dimensions using 
epoxy resin during the process. Different measurements were applied, and bending tests were 
conducted on the concrete beam specimens. Notably, the flexural strength values obtained in 
the beam specimens with various applications were significantly higher than the control sample. 
In the control sample, they measured a flexural strength of 3.94 MPa, while the highest flexural 
strength value achieved in their study was 15.88. They achieved an increase in flexural strength 
ranging from 11% to 303% in their specimens [14]. 18 T-shaped beam samples were placed in 
6 of the beams with different stirrups and reinforcement systems, and in the remaining 12 
beams, different reinforcement systems were placed. According to the results, 4% to 90% 
increase in load carrying capacity in the bending direction for the 1st group and between 6 and 
46% for the 2nd group has been achieved [15] 

2. MATERIALS AND METHODS 

In this study, fabrics produced from 12K (800 tex) carbon yarn, which is the most used in the 
field of reinforcement, were included in the experiment plan. For the experiments, bidirectional 
12 K (800 tex) weft and warp direction carbon woven fabrics were woven in plain, twill and 
satin. In carbon fabrics, 400 g/m2 weight fabrics plain, twill and 3/1 broken twill, warp and weft 
yarn density 2,5 yarns / cm, 600 g/m2 weight fabrics plain, twill and 4/1 satin, warp and weft 
yarn density It is produced as 3,7 yarns/cm. 
 

Table 4. Fabric List 

Fabric 
Type/Brand 

Name 
Pattern 

Areal 
Weight 
(g/m²) 
±%5 

Warp 
Warp 

Density 
(threads/cm) 

Weft 
Weft 

Density 
(threads/cm) 

Spn B 400 P Plain 400 g/m² 

12 K carbon 

yarn (800 

tex) 

2,5 
12 K carbon 

yarn (800 tex) 
2,5 

Spn B 400 T Twill 2/2 400 g/m² 

12 K carbon 

yarn (800 

tex) 

2,5 
12 K carbon 

yarn (800 tex) 
2,5 

Spn B 400 
3/1BT 

Broken 

Twill 3/1 
400 g/m² 

12 K carbon 

yarn (800 

tex) 

2,5 
12 K carbon 

yarn (800 tex) 
2,5 

Spn B 600 P Plain 600 g/m² 

12 K carbon 

yarn (800 

tex) 

3,7 
12 K carbon 

yarn (800 tex) 
3,7 
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Spn B 600 T Twill 2/2 600 g/m² 

12 K carbon 

yarn (800 

tex) 

3,7 
12 K carbon 

yarn (800 tex) 
3,7 

Spn B 600 5HS Satin 4/1 400 g/m² 

12 K carbon 

yarn (800 

tex) 

3,7 
12 K carbon 

yarn (800 tex) 
3,7 

 
All fabric samples were produced on the same loom and with same carbon yarn. The physical 
and mechanical properties of the carbon yarn is listed on the table 5.  
 

Table 5. Physical Properties of Carbon Yarn 

Properties 12 K 800 Tex Carbon Yarn 

Tensile Strength (MPa) 4900 

Tensile Modulus (GPa) 235 

Yarn Count (Tex) 800 

Filament Number  12000 

Filament Diameter (µm) 7 

Density (g/cm³) 1,8 

Elongation (%) 2,1 

Twist Zero 

 
Beams are structural elements of buildings. Reinforcing flexural strength of beams with 
technical textiles is the subtopics of Buildtech. TS-EN 12390-5 “hardened concrete specimen 
test, the determination of the flexural strength of test specimens” standard is used for 
investigating the effects of fabrics. According to TS-EN 12390-5, mold dimensions are adjusted 
as 100 mm width, 100 mm height, 400 mm length. In this case, the concrete beam sample was 
created as 100x100x400 mm. The L≥3.5 d requirement in the standard has been fulfilled. 
 
Concrete is prepared, pour them in to mold. Beam samples, which are kept in the mold for 24 
hours, are kept in a conditioned pool, cured for 28 days in order to reach their ideal strength in 
water containing 1-1.5% lime at 20 °C and the concretes reached the ideal concrete strength.  
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Figure 2 Beam Preparation a) Molds b) Pouring concrete in to mold c) Curing in conditioning pool 

After 28 days when beams reach their ideal strength, fabrics are prepared to reinforcing 
application.  
 

 
Figure 3. Fabric Preparation 

At the experimental stage, Spn Ep 225 brand epoxy was prepared by mixing 4:1. Of the two 
components, one component is reinforcer and the other is hardener.  
 

 
Figure 4. Epoxy preparation a) Reinforcer and hardener b) Preparation 

 
Epoxy resins get hardened very quickly. After stirring reinforcer and hardener it is better to 
apply in 30 minutes. Fabric samples are applied on concrete blocks. 
 

 
Figure 5. Application a) Epoxy Application on Beam b) Fabric Adhesion c) Epoxy Pouring d) Reinforced Beam 

Samples 
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In order for the maximum mechanical strength and for the epoxy not to deteriorate while still 
wet, each one has been kept individually indoor. Epoxy gets its ideal mechanical strength after 
7 days. 
The bending strength specified in the test standard is calculated using equation (1). 
 

                                                           𝑓 =
ଷ.ி.

ଷ.ௗభ.ௗమ
మ                                                                   (1)                                                

 
fcf: Flexural strength, MPa (N/mm2) 

F: maximum load, N 
L: The distance between the support cylinders, mm 
d1, d2: The cross-sectional dimensions of the specimen, mm 
 
The tests were conducted on a computer-controlled testing machine named U-Test UTC-5600, 
which measures three-point flexural strength. The maximum compression capacity of the 
machine is 200 kN. 
 

 
Figure 6. Testing a) Preparing testing points b) Testing c) Breaking Point d) After Maximum Load Applied 

All reinforced and witness specimens are tested. 
 

3. RESULTS AND DISCUSSIONS 

The test results of the beam samples and the effect of carbon woven fabrics in different patterns 
on the flexural strength of fabrics with the same unit area weight were investigated. For 400 
gr/m² carbon woven fabric, it is 7.36 MPa in plain weave, 8.21 MPa in 2x2 twill, 6.76 MPa in 
3/1 broken twill, while the witness sample is 3.60 MPa. When viewed on a proportional basis, 
an increase of 106% is observed. The highest measurement value was obtained as a result of 
the reinforcement application made with 2/2 twill fabrics in bidirectional 12 K 400 gr/m² 
fabrics.  
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Figure 6. Test Results for 400g/m² 

 
For 600 gr/m² fabrics, the plain sample is 5.33 MPa, satin 7.45 MPa and 2/2 twill 5.47 MPa, 
while the witness sample is 3.98 MPa. When viewed on a proportional basis, an increase of 
52% is observed. The highest measurement value was obtained as a result of the reinforcement 
application made with 4/1 satin fabrics in double-sided 12 K 600 gr/m² fabrics. 

                       
Figure 7. Test Results For 600g/m² 

4. CONCLUSION 

In reinforcement studies for beam flexural strength with carbon fiber woven fabrics, the average 
flexural strength of all fabric types increased by 79%. The flexural strength increases according 
to fabric types were between 34% and 128%. Although this value changes in different types of 
concrete, the reinforcement made with woven carbon fabric will contribute to the strengthening 
works in countries experiencing intense earthquakes. 
 
According to test result performance when we compare 400g/m² and 600g/m², both results 
improve flexural strength of beam. But 400g/m² has a better performance than 600g/m² for each 
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plain and twill 2/2. This should be investigated as a new study if it is related to absorbing epoxy 
performance. 
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ABSTRACT 
 
In this study, yarn quality parameters of yarns produced using recycled cotton, virgin cotton and virgin viscose 
fibers produced in the open-end spinning system in the textile industry, which has an important place in the 
world, were investigated. As a result, it has been seen that the yarns produced with viscose fiber used have better 
quality values than cotton due to the loss of existing fiber properties in recycling processes. 
 
Key Words: Sustainability, recycled cotton, virgin fiber, open-end 
 
1. INTRODUCTION 
 
Clothing, which is one of the basic needs of human beings, is met by the textile sector, which 
is an important sector covering the whole world. Textile products are among the sectors that 
show that the best solution is recycling, by becoming the sector where sustainable important 
steps should be taken at the point of recycling, by overconsumption due to the rapid growth of 
fashion and by overconsumption of textile products. Today, sustainability plays an important 
role in the textile industry. Clothes that are consumed and thrown away quickly cause 
environmental problems and waste of resources. Therefore, the use of recycled materials offers 
an opportunity to increase sustainability in textile production. Recycled cotton has become an 
important player in this context. Brands can capture the attention of consumers by emphasizing 
their sustainability efforts, and the use of recycled cotton can strengthen brands' eco-friendly 
images. The use of recycled cotton can reduce the environmental impact of production 
processes and require the integration of recycled materials for recycling in the supply chain. 
 
2. EXPERIMENTAL 
 
In this study, as shown in Table 1, three different raw materials (R-CO, V-CO, V-CV) and two 
different mixing ratios (50:50 and 60:40), 20/1 and 30/1 open end the yarns produced in the 
spinning system were examined. [1] [2] IPI quality tests of the upcoiled yarns were carried out 
on USTER Tester 6 and USTER Tensojet devices. Quality parameters such as unevenness, 
hairiness, strength, elongation were examined and the results were compared. [1] 
 

Table 1. Trial systematic 
No Yarn Ne Composition Explanation Ratio 
1 20/1 R-CO / CO Recycled cotton + Cotton %50-%50 
2 30/1 R-CO / CO Recycled cotton + Cotton %50-%50 
3 20/1 R-CO / CV Recycled cotton + Viscose %50-%50 
4 30/1 R-CO / CV Recycled cotton + Viscose %50-%50 
5 20/1 R-CO / CO Recycled cotton + Cotton %60-%40 
6 30/1 R-CO / CO Recycled cotton + Cotton %60-%40 
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3. RESULTS AND DISCUSSION 
 
When the quality parameters of the yarns produced were examined, it was observed that the 
unevenness, strength and elongation values were bad in the thin yarns produced with 60:40, 
50:50 ratios, using R-CO, V-CO, V-CV cotton raw materials. The reason for this is thought to 
have a negative impact on the quality values of the recycled cotton fiber used in the blends. 
 

Table 2. Yarn Quality IPI Values 
No Yarn 

Ne 
Composition Ratio 

%U 
%U CV 

Hairiness CN/tex Elongation 

1 20/1 R-CO / CO %50-%50 10,65 13,43 4,74 14,94 5,4 

2 30/1 R-CO / CO %50-%50 12,52 15,82 4,09 13,47 4,74 

3 20/1 R-CO / CV %50-%50 9,59 12,12 4,46 12,5 6,7 

4 30/1 R-CO / CV %50-%50 11,56 14,6 3,92 11,7 5,36 

5 20/1 R-CO / CO %60-%40 11,04 13,93 4,9 14,31 5,52 

6 30/1 R-CO / CO %60-%40 12,71 16,04 4,28 13,49 4,46 

 

 
Figure 1. 20/1 Open-End Yarn Unevenness Chart 

 
As seen in the chart, when the yarns numbered 1, 2 and 3 with Ne 20/1 (yarns numbered 1,3 
and 5 in Table 1.) were examined, it was seen that the best result in terms of %U and %U CVm 
value was in the number 2 R-CO / CV yarn. This is thought to be due to the viscose fiber used 
in the blend. The reason why the number 1 yarn has a better value than the number 3 yarn is 
that the R-CO / CO mixing ratio is 50:50. 
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Figure 2. 30/1 Open-End Yarn Unevenness Chart 

 
As seen in the chart, when the yarns numbered 1, 2 and 3 with Ne 30/1 (yarns numbered 2,4 
and 6 in Table 1.) were examined, it was seen that the best result in terms of %U and %U CVm 
value was in the number 2 R-CO / CV yarn. The use of viscose fiber as in 20/1 yarn has been 
effective in this quality parameter. According to the blend ratio, the number 1 yarn is better 
than number 3 yarn because it is 50:50 as in 20/1 Ne yarn. 
 

 
Figure 3. 20/1 Open-End Yarn Hairiness Chart 
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Figure 4. 30/1 Open-End Yarn Hairiness Chart 

 
As can be seen in Figure 3 and Figure 4, it has been observed that the hairiness value of the 
yarns produced in the 20/1 and 30/1 OE spinning system is better in the number 2 R-CO-CV 
(50:50) As mentioned in the unevenness quality parameter, the reason for this is that the viscose 
fiber has a different structure compared to the virgin-cotton fiber used in other trials. 
 

 
Figure 5. 20/1 Open-End Yarn CN/tex and Elongation Chart 
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Figure 6. 30/1 Open-End Yarn CN/tex and Elongation Chart 

 
The CN/tex and elongation values of the yarns produced in Figure 5 and Figure 6 were 
examined. As can be seen in Figure 5, it is seen that it is the number 1 OE yarn with a 50:50 
blending ratio among the R-CO and CO fibers with the highest strength. As seen in Figure 6, 
when examined in 30/1 yarns, it was seen that yarn number 1 with the same blending ratio had 
high strenght. It is thought that the reason for this is the virgin cotton used in the yarn content. 
When the elongation value was examined, it was seen that the yarns made with 20/1 yarns and 
30/1 yarn using virgin-cotton with 50:50 and 60:40 ratios had the lowest elongation value. 
These results have been achieved because cotton is a natural fiber. 
 
4.  CONCLUSIONS 
 
In this study, the quality values of the yarns produced by using recycled cotton fiber with 50:50 
and 60:40 ratios and virgin cotton and virgin viscose fibers with two different yarn counts in 
terms of sustainability in the textile sector were investigated. It is thought that this study will 
contribute to recycling research in the textile sector. The reason why recycled cotton fiber gives 
lower quality values compared to virgin cotton and virgin viscose fiber can be considered as 
the fiber losing its properties in recycling processes. Within the scope of this study, it is aimed 
to examine the fabric performance parameters of the yarns whose quality values are examined 
by making knitted fabric in the future [3] [4]. 
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ABSTRACT 
 
This paper investigates the tensile and tear strength, air permeability and abrasion behavior of a bicomponent fabric 
made with PET/CoPET yarns in its loom state, after the dissolution of the CoPET from the yarn structure, and in 
its final form after it has been dyed. Finally, a comparative study of the sound absorption of the fabrics in their 
different forms with that of a commercial one was conducted. The results showed that both dissolution and dyeing 
have an influence on the physical and acoustic properties of the fabric and the dyed bicomponent fabric had 
comparable physical properties to those of the commercial product while it performed better acoustic properties 
than the commercial one. 
 
Key Words: Blackout, bicomponent fiber, pet, copet, dissolution 
 
1. INTRODUCTION 
 
The quality of a building’s indoor environment in relation to the health and well-being of those 
who occupy space within it is referred to as indoor environmental quality (IEQ) [1, 2]. The most 
common application of textiles that impact the IEQ are textiles for the control of acoustics. Wall 
coverings, ceilings, curtains, chairs, carpets, etc. are designed to absorb sound and prevent 
echoes inside a room. The application of curtains as sound absorbers for room acoustical 
purposes has considerable advantages like being relatively cost-effective, lightweight, flexible, 
and easy to handle. Acoustic performance of home textiles, such as curtains, carpets, sofa 
covers, etc., can be improved by accurate selection of suitable textile materials, appropriate 
physical and processing parameters, layering and placement of acoustical textiles [3]. Sound 
absorbing properties of textile curtains are under ongoing interest of researchers [4-6]. 
Bicomponent and hollow fibers not only have a lower density than their solid profile fibers, 
have better thermal insulation but also favor acoustic properties. Textile materials from hollow 
fibers also have been widely used in sound absorption and noise reduction applications [7, 8]. 
 
In this study, effect of CoPET dissolution and dyeing processes on physical properties of 
acoustic blackouts from C-shape PET/CoPET bicomponent yarns was investigated. Sound 
absorption performance of the samples were also presented.  
 
2. EXPERIMENTAL 
 
A woven blackout from textured PET warp and C-shape bicomponent PET/CoPET weft yarns 
with a weft-faced satin construction have been produced. The fabrics were tested for their 
physical and sound absorption properties in the loom state, after dissolving CoPET component 
to form the C-shape yarn in the weft direction and at the final state after dying. Additionally, a 
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blackout curtain fabric sample that is being used commercially that does not have bicomponent 
yarns inside its structure was also taken to be used as a reference to observe the effect of the 
bicomponent yarn presence on the acoustic properties. 
 
A representative image of the bicomponent yarn after the dissolving process is given in Figure 
1. 

 
 

Figure 1. Cross-section of the dissolved PET/CoPET yarn 
 
2.1 Physical Tests 
 
The tensile and tear strength of the samples were tested according to ISO 13934-1 and ISO 
13937-2 standards, respectively. Both tests were conducted both in the warp and weft direction 
of the fabrics. The pre-tension was set to 0,1 N and the rate of extension was set to 100 mm/min 
for all samples. The air permeability of the samples was tested according to DIN EN ISO 9237 
standard. The Martindale abrasion of the samples were tested according to the ISO 12947-2. 
All the abrasion test cycles were started with cycles of 10,000 and continued with 500 cycles 
with inspection of the fabric surface in between the cycles. The tests were finished when a 
broken fiber on the sample surface was observed or when the samples reached a targeted level 
without any abrasion. 
 
2.2 Acoustic Tests 
 
The sound absorption coefficient of all samples was measured by using a TestSense impedance 
tube between the frequencies of 0 Hz - 6400 Hz according to TS EN ISO 10534-2:2003 
standard.  
 
3. RESULTS AND DISCUSSION 
 
Some constructional properties of the samples are presented in Table 1. Since these fabrics are 
intended to be used as blackout fabrics, they are woven with a double warp yarn set, hence have 
high warp density. 
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Table 1. Some constructional properties of the samples 
 

 Loom State 
Fabric Sample  

Dissolved 
Fabric Sample   

Dyed Fabric 
Sample   

Reference 
Fabric  

Warp Density  
x  

Weft Density  
(yarns per cm) 

 
125 x 47 5875 

 
152 x 59 8968 

 
164 x 57 9348 

 
128 x 39 4992 

Thickness (mm) 0,45 0,68 0,54 0,54 

Weight (g/m2) 213,04 255,67 223,68 192 

Fabric density 
(g/m3) 

469,24 375,99 414,21 355,55 

 
As may be seen from Table 1, the warp and weft density, thickness and weight of the samples 
increased after the dissolving process. The dissolution process has decreased the thickness of 
the yarn, which in turn allows for more threads to be packed in the same unit of length. Dyeing 
has also increased the warp density of the samples. The fabric density has decreased with the 
removal of the CoPET component and later increased back up after the dye intake. 
 
The tensile and tear strength results of the three samples in warp and weft directions can be 
found in Table 2.  
 

Table 2. Tensile strength and tear strength results 
 

 Loom Dissolved Dyed 

Tensile Strength – Warp (N) 2144 1992 1910 

Tensile Strength – Weft (N) 1082 820 761,4 

Tear Strength –Warp (N) 71 36 30 

Tear Strength –Weft (N) 46,7 20,4 16,7 

 
Both tests have yielded better results in the warp direction since there is a significantly higher 
warp density compared to the weft density. As expected, dissolving and dyeing processes has 
decreased the tensile strength and tear strength values of the fabric. This result is consistent 
with the fabric density values of the samples in Table 1. This is to be expected, since alkali 
treatment to remove the CoPET component and dyeing are both chemical processes that will 
inevitably cause a decrease in the fabric strength. Nevertheless, the test results for the final dyed 
and finished fabric are acceptable to be used as a blackout fabric in a commercial use.  
 
The air permeability results of the fabrics can be found in Table 3.  
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Table 3. Air permeability results 
 

 Loom Dissolved Dyed 
Air Permeability 

(l/m2/s) 
174,39 287,37 207,45 

 
The loom fabric has yielded the highest air permeability resistance compared to its dissolved 
and dyed counterparts, since it has the densest structure compared to the others. The dissolution 
of the CoPET component has loosened up the fabric tightness and allowed for air to pass 
through the newly formed channels inside the structure, thus causes an increase in the air 
permeability. Dyeing, afterwards, has tightened the structure to an extent, which led to a 
decrease in the permeability.  
 
Table 4 shows the abrasion test results of the samples. 
 

Table 4. Martindale abrasion results 
 

 Loom Dissolved Dyed 
Martindale Abrasion 

(revolutions) 
13,000 13,000 13,000 

 
It should be noted that none of the samples has demonstrated a significant abrasion on their 
surface. Some pills were observed at 13,000 cycles, and the test was stopped afterwards. The 
microscope photos of the sample surfaces at 13,000 cycles are presented in Figure 2. The photos 
show that, although the samples show a level of abrasion and some pilling, none of the samples 
has had a completely broken yarn. A high level of abrasion resistance is the expected result, 
since the fabrics were made from synthetic yarns in both directions. Also, the fact that the 
fabrics have two sets of warp yarns will cause a tighter than normal structure, which will make 
it harder for the yarns to pill and stick out of the fabric structure. The fact that all samples have 
withstood 13,000 cycles demonstrates that processes such as chemically dissolving a 
component from the warp yarns and dyeing the fabric doesn’t cause a significant increase in 
the abrasing and pilling tendency of the fabrics. 
 

   
 

Figure 2. Loom, dissolved, and dyed samples (left to right) after 13,000 cycles. 
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The sound absorption coefficients of the dyed sample fabric and the commercial reference 
fabric is given in Figure 3. 
 

 
 

Figure 3. Sound absorption coefficient results 
 
The results show that at frequencies 500 Hz and above, the bicomponent fabric has shown the 
better performance compared to the reference fabric. This indicates that using bicomponent 
yarns inside the fabric structure has resulted in a structure that has better sound insulating 
property. The fabrics made from bicomponent yarns are denser fabrics and have more threads 
per cm2. This results in a higher fabric cover, which in turn increases the sound absorption of 
the fabrics since there is less space for soundwaves to be able to pass through.  
 
4. CONCLUSION 
 
In this study, the mechanical and physical properties of a PET/CoPET bicomponent fabric in 
its loom stage, dissolved stage, and dyed staged were investigated and compared. The results 
showed that alkali treatment applied to dissolve CoPET in the bicomponent yarns for obtaining 
C-shape fibers influenced constructional, mechanical and air permeability properties of the 
blackout curtains. In addition, the sound absorption coefficients of these samples, as well as a 
commercially available blackout fabric sample as a reference, were measured and compared. 
The dissolved and dyed sample has shown comparable, and in some frequencies better, sound 
absorbing properties with the commercial blackout fabric.  
 
The recorded physical and acoustic properties of the bicomponent fabric were found to be 
satisfactory in terms of the expectations from commercial blackout curtains, thus it is concluded 
that it can be studied as an alternative with the addition of enhanced sound absorbing properties. 
Using a blackout fabric made from bicomponent yarns will not only provide the required 
darkness but will also provide sound insulation to a room. Both parameters are important for 
the IEQ of a room, and they are both vital for a good sleep quality.  
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ABSTRACT 
 
The porous breathability of knitted fabrics allows for better air circulation, keeping the skin dry and minimizing 
discomfort. However, people with chronic skin diseases are especially prone to skin irritation or rashes and require 
additional attention, where innovative textile materials have shown great potential. In this ongoing research, the 
flow, thermal, and moisture behaviour, as well as the properties of various standard knitted fabrics, such as single 
jersey, made from environmentally friendly fibres, including collagen peptide-enriched fibres like Umorfil viscose, 
Umorfil polyester (filament/staple), and Umorfil nylon, are being assessed using a combination of traditional 
methods such as 3D Computational Fluid Dynamics (CFD) and analytical tools such as TOPSIS. Experimental 
measurements provide input and validation data for comparison purposes. Artificial Intelligence-based analyses 
are used to determine and optimize the performance of alternative knitted assemblies, providing improved comfort 
for allergic individuals. The results reveal the significant potential of using the investigated materials and structures 
in layered combinations, which have been precisely calculated and demonstrated through detailed proof-of-
concept studies. 
 
Keywords: Atopic dermatitis, collagen-peptide, computational fluid dynamics, artificial intelligence, knitted 
fabric 
 
1. INTRODUCTION 

Thermal comfort is deemed crucial for human health and can potentially pose a life-threatening 
situation when core body temperatures exceed 37.5°C–38.3°C or drop below 35.0°C [1]. When 
combined with optimal breathability, thermal comfort also assumes significance for individuals 
with allergies. Immune responses can be triggered by allergic skin reactions, potentially 
enhancing, or suppressing various effects [2]. Unique advantages are offered by knitted fabrics 
for the creation of anti-allergic fabrics, primarily due to their intricate looped structures. 
However, individuals with chronic skin conditions are particularly susceptible to skin irritation 
or rashes, necessitating special attention and effective thermal management, an area where 
textiles have demonstrated significant potential [3]. Stretching and recovery properties are 
possessed by knitted fabrics ensuring a snug fit without restricting movement, thereby 
enhancing overall comfort. Flexibility, stretchability, and fabric permeability are directly 
influenced by the choice of stitch combinations, impacting thermal and moisture management. 
Material properties are of equal importance. People prone to chronic issues are advised to limit 
the use of synthetic materials that often utilize dispersing dye substances. Careful consideration 
is needed when selecting materials for different clothing layers [4,5]. Understanding of 
thermofluid and moisture transport behaviours of various knitted fabric plies is vital for 
optimizing thermal comfort. Each layer is influenced by operational conditions, significantly 
impacting thermofluid flow and moisture transport due to varying relative humidity and 
thermofluid conditions, necessitating consideration for achieving optimal solutions. Traditional 
methods like 3D Computational Fluid Dynamics (CFD) simulations have been extensively 
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employed in previous studies [6,7] and remain essential for the analysis of fluid flow and 
thermal behaviour in different knitted fabrics. The rapid advancement of physics-based 
Artificial Intelligence (AI) applications has transformed research across diverse domains, 
offering advanced numerical modelling techniques with exceptional scalability and predictive 
capabilities. AI models efficiently manage extensive datasets resulting from experimentally 
validated complex multiphysics models. An advantage of AI lies in its ability to comprehend 
intricate procedures and interactions, reducing the need for individual analysis of massive 
datasets. The authors have successfully employed these techniques to gain a deep understanding 
of materials, components, and complex processes while enhancing efficiency and cost-
effectiveness [8-11]. Hence, in this ongoing research, the thermal and moisture management 
properties of various knitted fabric structures made from environmentally friendly fibres, 
including collagen peptide-enriched fibres such as Umorfil viscose are systematically assessed. 
Analytical tools like TOPSIS (Technique for Order of Preference by Similarity to Ideal 
Solution) are utilized to facilitate decision-making processes. Experimental measurements help 
characterize the thermofluid flow behaviour of knitted fabrics, providing essential input for 
numerical simulations and validating developed models. The goal has been to optimize the 
performance of alternative knitted fabric assemblies through AI-based analyses. 

2. EXPERIMENTAL MEASUREMENTS 

In the present study, three stitch types of fabrics, i.e., single jersey, rib knit, and interlock, have 
been used as reference fabrics. Each fabric type has been knitted under commercial conditions 
with nine different types of yarns including Umorfil viscose, Umorfil Polyester and Umorfil 
Polyamide yarns. The stitch length for each knitting type was kept constant, considering the 
fabric's technical specifications in accordance with the literature and the targeted use area. Tests 
for yarn and fabric specifications were conducted in accordance with the standards TS 244 EN 
ISO 2060, TS 256, TS EN 12127, TS 7128 EN ISO 5084, ISO 6330, ASTM E96-00, ASTM 
D737-18, and DIN 53924 after they were acclimated one day under standard atmospheric 
conditions (20 ± 2°C and 65 ± 2% relative humidity). The produced fabrics were partitioned 
into half, pre-washed, and left for drying followed by an additional two days of acclimatisation 
before measuring the relevant properties. Furthermore, the porosity values for the samples were 
approximated by geometrical means as it doesn't rely on the absorption and release of a liquid, 
which can introduce variability and inaccuracies in the measurement, as is the case with the 
gravimetric method for absorbent materials and could be evaluated using dry-wet fabric sample 
mass comparisons. Based on the acquired data from the 27 combinations of samples and the 
targeted assessment, an initial screening process using the Technique for Order of Preference 
by Similarity to Ideal Solution (TOPSIS-AHP) has been employed. Considering the alternatives 
and their relative importance, a multi-criteria decision-making method has been applied. The 
criteria of "air permeability, porosity, water vapour permeability, and capillarity rise" have been 
determined. Table 1 provides an indication of the ranking of the first three samples to initiate a 
preliminary data-based identification for potential candidates that can be further assessed.  

Table 1. Sample data of the TOPSIS analysis 
 

Fabric d+ d- Relative closeness 
Sample1 (Rib-lyocel) 0.0273 0.0820 0.75 
Sample 2 (Plain J-PET) 0.0300 0.0829 0.73 
Sample 3 (Plain Jersey-Umorfil Viscose) 0.0304 0.0773 0.72 
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However, it should be noted that the thermofluid performance of the fabrics also considers the 
thermal exchange and moisture transport of fabrics. Therefore, the dynamic liquid transport 
properties and thermal exchange of all samples were measured. To assess how effectively the 
sample fabrics can manage moisture, MMT (AATCC 195-2017) has been used.  Water vapour 
resistance values have been determined using the Permetest (ISO 11092). The thermal 
conductivity/thermal resistance values were determined using the Alambeta (ISO EN 31092) 
device. Generally, the liquid moisture management performance of the fabrics has been ranging 
from 0.44 to 0.85. These values correspond to the "good to excellent" classifications of the 
relevant AATCC 195-2017 standard. Similarly, the range of water vapour resistance for the 
fabrics was determined between 2-6 (Pa.m2.W-1), whereas the thermal conductivities were in 
the range of 0.04-0.06 W/m.K. The literature reveals that these recommended values for AD 
(Atopic Dermatitis) patients could only be achieved with the use of additional finishing 
processes or phase-changing materials. 

3. NUMERICAL ASSESSMENT 
 
The numerical modelling and simulation of the knitted fabrics were initially used to 
computationally replicate the experimental measurements and support characterisation. The 
experimentally determined permeability and thermal properties data have been used to derive 
data for the mathematical characterisation of the fabrics to integrate for numerical predictions. 
Another point has been the digital design and 3D representation of existing fabrics being used 
in the experiments. This enables careful assessment and calibration of the experimental results, 
complementing the experiments for systematic predictions. This ensures a direct comparison 
with the same fabric thicknesses, and the characteristics can be implemented and solved for 
specified different materials. To predict the permeability of the fabrics, the permeability test 
has been replicated. The developed computational model depicts a 20 cm2 sample size and the 
specified thickness of the knitted fabric samples. The operating condition data has been derived 
from the experimental measurements and implemented into the numerical modelling. Based on 
the continuum theory of porous media, the model has been successfully used and validated by 
determined flow resistance data and an applied experimental pressure drop of 125Pa and 200 
Pa for specified materials and labelled such as A, B, and C, as demonstrated in Figure 1. The 
efficient computational tool has the advantage of having integrated all necessary material data, 
flow-thermal characteristic behaviour of the samples as well and containing its geometrical 
information. The reduced geometrical complexity aids in the efficient use of integrated physical 
complexity which is at the pre-development stage essential for systematic assessment. The 
geometrical construction details of the knitted samples are used in the individual design stages 
of the optimised fabrics.  
 
Likewise, the model has successfully replicated the Alambeta test to depict detailed temperature 
distributions within the fabric samples. The added value of virtual experiments is particularly 
crucial for providing insight into temperature distribution across the fabric thickness, rather 
than solely depicting the temperature values of both fabric sides obtained through physical 
measurements. This approach significantly enhances computational and experimental 
efficiency during the calculation phase. Consequently, it becomes possible to assess various 
samples and scenarios. For instance, the single jersey fabric with face knit stitches on the front 
side and back knit stitches on the rear side demonstrates good extensibility in both the length 
and width directions but exhibits curling at the free edges. 
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Figure 1. 3D CFD model and utilised continuum theory of porous media: The homogenised model is used to 

predict the permeability full-sized samples 
 

Therefore, alternative structures, apart from single jersey, rib, or interlock, are currently under 
consideration.  
 
4. AI-MODEL DEVELOPMENT AND OPTIMISATION OF FABRICS 
 
The optimisation of knitted fabrics suitable for allergic people has been a complex integrated 
approach where the comfort behaviour and optimisation capacity of various fabric 
characteristics have been assessed. The current research has leveraged cutting-edge machine 
learning techniques to enhance the comfort properties of knitted fabrics, focusing on factors 
such as flow and thermal characteristics. For the AI model development, reliable data has been 
generated by the extended use of the validated CFD model through executing virtual numerical 
experiments. These have been systematically solved using the design of experiments (DoE) that 
increased solution efficiency and kept the output data moderate for meaningful AI predictions. 
This approach also facilitates addressing the scalability of the problem as large-scale 
computations using GPUs (Graphics Processing Units), or specialised hardware like TPUs 
(Tensor Processing Units) are mitigated. By employing machine learning (ML) techniques 
rooted in artificial intelligence (AI), it has been possible to navigate the intricacies of material 
and geometric complexities and invest this complexity in further development stages where 
powerful detailed multiphysics analyses including time-dependent moisture transport could be 
utilised. Thus, supervised learning has been used to establish a connection between various 
process, material, and geometrical parameters to predict the optimal thermofluid performance. 
As the investigated response parameters are known, the approach has been more predictable 
compared to alternative methods such as deep learning. The approach provides more solution 
clarity by directly showing the relationship between input features and the output; it mitigates 
the use of large amounts of data to learn meaningful patterns; training complexities are reduced; 
but most importantly manual feature engineering ensures the required understanding of our data 
and possibly engineering relevant features that still might entail improvement potential. The 
problem type being regression as well as the moderate size of data and parameters supports the 
efficient choice. The model training process involves the division of input data into training and 
testing datasets. The initial set of obtained data, serves as the basis for shaping the training 
dataset, used for model training, while the testing dataset is utilised to assess the model's 
accuracy. A cross-validation procedure is employed to partition the data for training purposes. 
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The evaluation criteria for machine learning results have been conducted using the typical Mean 
Squared Error (MSE) and Root Mean Squared Error (RMSE). Figure 2 demonstrates a graphical 
representation highlighting the relationship between material, fabrics, and process parameters 
as categorical using data aggregation.  
 

 
Figure 2. Artificial Intelligence-based optimization: The optimal configuration between various parameters and 

thermofluid levels has been predicted by AI to determine comfortable fabric properties for allergic people. 
 
The machine learning algorithm has been used to predict the optimal comfort zone for a suitable 
combination of knitted fabrics satisfying both mild and harsh weather conditions. The target 
has been keeping the pressure drop as low as possible. The temperature difference DT between 
boundaries has been targeted for mild weather conditions as low as possible for rapid heat 
exchange, whereas for harsh conditions to keep the difference larger aiming for insulation but 
maintaining a low-value pressure drop for good breathability performance. Different process 
and material properties have been considered where the nonlinear behaviour from low to high 
factors has been depicted for demonstrative purposes.  
 
5. PROOF OF CONCEPT (POF) 
 
Carefully assessing the AI-driven predictions, the detailed CFD model has been employed to 
delve into the intricate multiphysics behaviour and solve the thermofluid flow and moisture 
transport within an enhanced knitted fabric assembly case. This case is constructed from a 
variety of materials and knitted fabrics suggested by the AI algorithm. The simulation 
encompasses the interaction of knitted fabric assemblies exposed to real-life ambient weather 
conditions. It relies on data collected from the Izmir Adnan Menderes Airport Meteorological 
Station for a true representation of environmental influences. Various weather-related data, 
including the temperature, humidity, wind speed and direction, precipitation, and atmospheric 
pressure for a specified month, day and hour in summer have been implemented to solve the 
complex problem. The moisture transport considers factors like moisture storage and capillarity 
and accounts for fabric properties determined through experimentation, such as permeability, 
porosity, diffusivity, and an irreducible liquid phase saturation. In addition, the conjugate heat 
transfer incorporates data on ambient air velocities and temperatures sourced from the weather 
station. The experimentally determined thermal properties of the fabrics have been 
implemented as well. The transient behaviour of the drying process of the wetted knitted fabric 
has been solved for the coupled, flow, heat, and moisture transport. Figure 3 illustrates the 
relative humidity of the fabric predicted over time. Inside the fabric sample, the relative 
humidity decreases from the initial 98% at the beginning of the simulation to 49% at 29°C at 
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time t6, approaching the ambient relative humidity for the climate zone in which the fabric is 
being virtually tested. 
 

 
Figure 3. Change in relative humidity during drying of the fabric over time 

 
The fabric is evidently moist, slowly beginning to release moisture into the environment as it 
undergoes slight cooling due to the convection effect, as shown in the velocity and temperature 
distributions in Figure 4. 

 

 
Figure 4. Conjugate heat transfer process at the initial stages of the drying process: convective forces around the 
fabric and the lower velocities due to the porous structure of the fabric are visible. Fabric cools while exchanging 

moisture and heat with the environment. 
 
In other words, the air is initially not very humid, with the capacity to hold more moisture. The 
relatively warm temperature and the difference in relative humidity between the fabric and the 
surrounding air favour the drying process. The ambient air's relative humidity of 0.37 at t6 
indicates that the air is relatively dry. In contrast, the knitted fabric has some interior local 
regions with a relative humidity of 0.49, suggesting the presence of spots with more moisture 
than the surrounding air, indicating it is still in the drying process. As the fabric dries, it can 
contribute to increased comfort and release moisture into the air, which can result in a slight 
increase in humidity immediately around the fabric. This can be beneficial for skin comfort, 
especially in dry conditions, as depicted for time instants t2-t3. For optimal comfort, it's 
essential to strike a balance between moisture levels in clothing and the surrounding 
environment. Slightly moist fabric in warm conditions can provide a cooling effect, but 
excessively wet clothing can lead to discomfort. As the knitted fabric approaches the relative 
humidity of the ambient air, comfort is likely to improve. It should be noted that maintaining 
an irreducible liquid phase saturation is beneficial for the fabric. Since moisture consists of both 
vapor and liquid water in the knitted fabric, a good indicator of the drying process is the liquid 
saturation of the fabric. At t6, there is a liquid fraction of 0.05-0.064 remaining, compared to t1 
where it varied between 0.51-0.69. 
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6. CONCLUSIONS 
 
The AI-based optimisation of fabrics suitable for individuals with allergies has proven to be an 
invaluable accelerator in the design process, leading to more efficient enhancements of knitted 
fabrics. Consequently, specific parameters could be assigned, and optimal dimensions could be 
generated. These efforts have allowed us to take a step further and implement precise fabric 
development, harnessing the power of detailed multiphysics analyses to showcase the transient 
behaviour of a preliminary demonstration design of a textile knitted fabric that exhibits 
improved thermofluid flow and moisture transport properties. The results highlight the 
substantial potential of utilising the investigated materials and structures in layered 
combinations, which have been precisely calculated and validated using the AI-based 
optimisation approach. This suggests the utilisation and expansion of its enhanced capabilities 
for future research. 
 
ACKNOWLEDGMENT 

The authors gratefully acknowledge Istanbul Technical University, Scientific Research Unit 
since the experimental data was obtained thanks to the project funded by ITU (MGA-2022-
43650). 

REFERENCES 

[1] AXELROD, Y. K., DİRİNGER, M. N. (2008). Temperature Management in Acute 
Neurologic Disorders. Neurologic Clinics 26, (2), 585-603. 
[2] ELMAS, Ö.F., AKDENİZ, N., ATASOY, M., KARADAG, A.S. (2020). Contact 
dermatitis: A great imitator. Clinics in Dermatology 38 (2) 176-192. 
[3] HUİ, X., ZHU, H., SUN, G. (2016). Antimicrobial textiles for treating skin infections and 
atopic dermatitis. Gang Sun (Ed.), Antimicrobial Textiles. 287-303.8 
[4] MOBOLAJİ-LAWAL M., NEDOROST S. (2015). The Role of Textiles in Dermatitis: An 
Update. Curr Allergy Asthma Rep. 15: 17, 1-7. DOI 10.1007/s11882-015-0518-0. 
[5] RICCI, G., PATRIZI, A., BELLINI, F., MEDRI, M. (2006). Use of textiles in atopic 
dermatitis: care of atopic dermatitis. Curr Probl Dermatol. 33:127-43. doi 10.1159/000093940. 
PMID: 16766885. 
[6] PEKSEN, M. ACAR, M., MALALASEKERA, W. (2018) Optimisation of machine 
components in thermal bonding process of nonwovens: Effect of the conveyer belt on the 
porous web performance. Journal of Industrial Textiles 47 (5) 978 – 990. 
[7] PEKSEN, M. (2018). Multiphysics Modelling-Materials, Components, and Systems. 
London, England: Ed. Academic Press. ISBN 978-0-12-811824-5 
[8] PEKSEN, M., CANDAN, C., NERGİS, B., KOYUNCU, B (2023). Digitalised R&D and 
Production in the Textile Industry for Reduced Energy Consumption and Efficient Production 
Rates. International Textile & Fashion Congress, 42-47. 
[9] PEKSEN, M., (2023) Material and Performance Optimisation for Syngas Preparation Using 
Artificial Intelligence (AI)-Based Machine Learning (ML), Hydrogen 2023, 4(3), 474-492; 
https://doi.org/10.3390/hydrogen4030032 
[10] PEKSEN, M., SPLİETHOFF, H., (2023) Optimising pre-reforming for quality r-SOC 
syngas preparation using artificial intelligence (AI) based machine learning (ML), International 
Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2023.03.223. 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

62 
 

[11] PEKSEN, M., (2022) Artificial Intelligence-based machine learning toward the solution 
of climate-friendly hydrogen fuel cell electric vehicles. Vehicles 4(3):663-680 DOI: 
10.3390/vehicles4030038.  



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

63 
 

ECO-FRIENDLY DENIM THROUGH THE COLORS OF NATURE  
 

Özgür Ceylan1, Irmak Taş1, Neslihan Ak2, Nurten Yılmaz2, Ebru Tuğalan2 
1 Eskisehir Technical University  

2 Mavi Giyim Sanayi ve Ticaret A.Ş 
ozgurceylan@eskisehir.edu.tr  

 
ABSTRACT 
 
Natural dyeing has been used for centuries to color textiles, yet it lost its ground to synthetic dyes due to its inability 
to adapt to industrial production, cost, and unpredictability. With the understanding of the harm synthetic dyes 
pose to both humans and the environment, the industry has been shifted to alternative solutions. Clay dyeing has 
emerged as an environmentally friendly alternative due to its natural composition, suitability for industrial 
processes, and its capacity to save energy and water. In the context of this study, the environmental impact of a 
clay-dyed denim collection was examined through a case study.  
 
Key Words: Sustainable denim, natural dye, clay dye, bio-mordant, sustainable textiles 
 
1. INTRODUCTION  
 
The process of industrialization began with the Industrial Revolution in the late 18th century 
and has exerted a profound influence worldwide since the 20th century. Consequently, the 
adverse impacts have become visibly apparent in the ecosystem, characterized by 
environmental degradation, depletion of natural resources due to increased production, 
escalating waste generation, the extinction of certain species, and climate change [1]. One of 
the pioneers of the Industrial Revolution, textiles, occupies a prominent position among sectors 
in need of improvement. The textile industry is characterized by the use of various hazardous 
chemicals and petrochemicals in the production of fibers and fabrics, carbon emissions 
generated throughout the production, usage, and consumption phases, substantial water and 
energy consumption throughout the entire process, and the accumulation of factory and textile 
waste [2, 3]. The concept of sustainability, which emerged as a result of efforts initiated in the 
1960s to comprehend the adverse environmental impacts, was defined in the late 1980s as 
meeting the needs of the present without compromising the ability of future generations to meet 
their own needs [3]. Within the context of the textile sector, sustainability encompasses 
environmentally friendly raw materials, the use of chemicals in production that do not harm the 
environment or human health, responsible behaviors towards post-production and post-usage 
waste, and the incorporation of concepts such as recycling and upcycling into the process [4]. 
While in the sector, approaches that align closely with this sustainability definition are exhibited 
by almost all stakeholders, it is particularly the finishing processes, notably printing/dyeing and 
washing, that stand out as the most polluting and containing toxic substances [1, 5]. 
 
In the early 18th century, the emergence of synthetic dyes in the textile industry replaced natural 
dyes, which were obtained from various plants, animals, and minerals. These natural dyes were 
characterized as costly, unpredictable, limited, and variable [6, 7]. Yet, in the 1980s, the 
rediscovery of natural dyeing gained significance as it was established that many synthetic dyes 
had adverse effects on human health and the environment [7]. Nonetheless, challenges such as 
the inability to achieve color consistency due to factors like seasonality and geographic 
limitations, as well as issues related to fastness values, durability, efficiency, and cost, 
necessitate solutions in the realm of natural dyeing.  
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Within the context of recent technological developments and perspectives, there are studies that 
propose innovative solutions. Research exists regarding the positive aspects of natural dyes, in 
addition to being renewable sources [8]. Some of these include UV protection, antimicrobial 
and hypoallergenic properties, as well as odor control. Environmental-friendly and alternative 
modern technologies such as ozone treatment, enzymes, ultrasonics, enable improvements in 
fastness properties and a reduction in the usage of metal mordants with these methods [9]. 
 
Clay dyeing emerges as a method that addresses the primary challenges of traditional natural 
dyeing, such as limited resources, small-scale production capacity, stability, color consistency, 
color intensity, and the necessity for harmful substances to human health, specifically metal 
mordants [10]. 
 
The Mavi brand, which began its journey locally with denim in the 1990s in Turkey and has 
since expanded globally with lifestyle product groups, holds a pioneering position among 
sustainability-focused brands in Turkey. The brand's sustainability approach, resulting in the 
All Blue Collection, demonstrates ongoing development each season, characterized by the 
incorporation of environmentally friendly new raw materials, improvements in existing 
materials and practices, and the effective utilization of technology. Within the scope of this 
study, the brand's approach in line with the All Blue philosophy, which includes the 
development of a clay dyeing method referred to as "Natural Dye" and its collection 
implementing various sustainability approaches, have been evaluated [11]. 

2. EXPERIMENTAL  

The chosen method for this study, namely case study, is a frequently employed qualitative 
research approach within the field of social sciences. It is applied with the aim of conducting 
an in-depth research on a particular case and contributing insights that enhance the 
understanding of similar cases. Case studies can encompass both quantitative and qualitative 
approaches [12]. In this study, both quantitative data were employed to assess the positive 
environmental impact of clay dyeing, and a qualitative approach was utilized to compare it with 
conventional (synthetic dyeing) and traditional natural dyeing methods. 
 
A case study, defined as an in-depth examination of a single case to elucidate it further, can 
also be referred to as a multiple case study when it encompasses more than one case. In such 
multiple case studies, the focal point is the sample selection. In the present study, the focus is 
on evaluating both the sustainability initiatives undertaken through clay dyeing in the selected 
collection and the environmentally friendly approaches adopted for the accessories used. Thus, 
the method can also be termed as a multiple case study [13]. 

The steps to be followed through the research method can be outlined as follows: 

 Explanation of the clay dyeing method, its process and advantages. 
 Quantitative presentation of the positive environmental impact of clay dyeing. 
 Comparison of the characteristics of clay dyeing, conventional dyeing, and traditional 
natural dyeing. 
 Evaluation of the other environmentally friendly approaches in the Natural Dye 
collection. 
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3. RESULTS   

3.1 Clay Dye 
 
Clay is a fine-grained natural mineral composed of rock, soil and plant residues. It exhibits a 
wide range of colors and tones, influenced by natural factors such as sunlight, wind, humidity, 
pressure, or heat, without the need for any chemical components, thus providing an extensive 
spectrum of colors and shades. In the coloration of textile fibers using clay dyeing, metal 
mordants are required. Preference is given to bio-mordants and organic enzymes. This approach 
allows for both chemical control and addresses the durability issues associated with traditional 
natural dyeing, such as fastness properties [10]. 
 
Clays and clay minerals hold a significant position as a crucial raw material for various 
industries due to their ease of procurement and low costs [14]. Consequently, they provide a 
solution to the high-cost issue associated with traditional natural dyeing. The clay chosen for 
coloring the products in the Natural Dye collection is sourced locally, which has a positive 
impact on carbon footprint [10]. 

The additional advantages that clay dyeing can offer are listed as follows [10]: 

 Non-toxicity: Clay dyeing is non-toxic and possesses purifying properties. 
 UV resistance: It provides a protective barrier against solar radiation, safeguarding the 
skin from UV rays. 
 Dispersal of negative energy: Clay dyeing is believed to dispel negative energy. 
 Biodegradability: It is biodegradable, making it environmentally friendly. 
 Antibacterial properties: Clay dyeing prevents the proliferation of bacteria due to its 
antibacterial characteristics. 
 
3.2 Clay Dye and Environment      

Studies in the literature have demonstrated the use of clay minerals for the adsorption of 
hazardous substances, such as heavy metals, dyes, antibiotics, and other organic chemicals [14]. 
One of these studies revealed that clay minerals effectively adsorb fragments of indigo dye 
released into wastewater during washing processes of denim fabric [15]. Through the 
sustainable and efficient processes of clay dyeing in the Natural Dye collection, a water savings 
of 72.6% has been achieved [10]. 

Clay, being locally sourced and utilizing an efficient production method while requiring no 
additional washes for chemical purification, results in a carbon dioxide savings of 42.5% 
compared to similar collections [10].  
 
Clay dyeing also offers an 82% space saving advantage over conventional dyeing units, owing 
to its compact unit size [10]. 
 
3.3 Comparison of Clay Dyeing with Other Natural Dye Systems and Conventional Dyes 

In traditional natural dyeing practices, it is acknowledged that the choice of dyeing recipes and 
conditions can significantly affect the obtained color, clarity, intensity, and the fastness 
properties (such as wash, light, and friction fastness) [9]. Recent technological advancements 
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and methods offer the possibility of addressing these disadvantages when compared to 
conventional dyeing by formulating new recipes to ensure consistency. Clay dyeing provides 
solutions to these issues, achieving optimization and consistency through developed recipes and 
methods. Table 1 compares Traditional Natural Dyeing, Conventional Dyeing, and Clay 
Dyeing [10] . As evident from the table, clay dyeing exhibits positive aspects compared to 
conventional and traditional natural dyeing methods. 

Table 1. Comparison of Clay Dyeing Method with Other Natural Dyes and Conventional Dyeing Methods 

3.4 Natural Dye Collection 
 
The Natural Dye Collection established within the denim category of the Mavi brand comprises 
18 products designed for both female and male users, suitable for combination with shirts and 
trousers. Specific recipes have been applied in the collection, incorporating various types of 
clay colorants and in different proportions for each color used in the products. 
 
The recent sustainability approach in the textile industry has redirected the companies towards 
new-generation materials, with agricultural residues prominently emerging as raw materials for 
these materials [16, 17]. In the collection, a preference for buttons containing hazelnut shells 
and the use of olive pit content for back labels have provided a vegan alternative to leather. To 
improve the performance in terms of sustainability, the collection incorporates recycled-content 
yarns and labels made from basil seeds (Figure 1). 
 
 
 
 
 
 
 
 
 

Figure 1. Natural Dye Collection 
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4. DISCUSSION  
 
The products designed within the Natural Dye collection using clay dyeing method have 
yielded positive environmental outcomes in terms of energy and water conservation, reduced 
chemical usage, and a decrease in carbon footprint. 
 
Textiles dyed with natural dyes are preferred by environmentally conscious consumers and 
have found a niche market for themselves [1]. An example of how natural dyeing, when 
conducted in an industrially suitable manner by a global ready-to-wear clothing brand, can 
reach a wider audience is highlighted by the Natural Dye collection. 
 
5. CONCLUSIONS  
 
Natural Dye Collection examined within the scope of this study will contribute both to the 
existing literature on natural dyeing and alternative environmentally friendly materials for eco-
friendly denim and inspire the industry to explore different methods. 
 
The choice of clay dyeing and clay as the primary raw material in the Natural Dye collection 
has resulted in a positive environmental impact through water conservation. The collection 
received recognition for its sustainability efforts by winning the Sustainable Collection Award 
from the Rivet + Project Awards based in the United States, thereby making its contributions 
to the field visible [17]. 
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ABSTRACT 
In this study, three current extraction methods were applied for two plant species: Rubia tinctorum L. (common 
madder) and Reseda luteola L. (weld), as natural sources of dyes. Ultrasound-assisted extraction (UAE) and 
microwave-assisted extraction (MAE) were studied and compared with conventional heat reflux extraction (HRE). 
The impact of various operational parameters, including time and solvent composition, on the MAE and UAE 
techniques was examined. Under optimal conditions, the MAE and UAE approaches showed significantly higher 
recoveries than the conventional extraction methodology. Additionally, the use of the MAE method resulted in a 
significant reduction in extraction time. The extracted dyes were characterized by ultra-performance liquid 
chromatography photodiode array detection and Fourier-transform infrared spectroscopy. 
 
Key Words: Natural dye, Rubia tinctorum, extraction, Reseda luteola, UV protection. 

1. INTRODUCTION  

Natural dyes offer an environmentally friendly alternative to synthetic dyes, avoiding the use 
of harmful chemicals. Synthetic dyes have major drawbacks, not least their toxicity. Their use 
can cause allergic skin reactions in humans, in addition to generating environmentally polluting, 
non-biodegradable waste. Replacing synthetic colorants with natural ones is therefore 
imperative [1]. Rubia tinctorum L., from the Rubiaceae family, also known as madder, is a plant 
that has played an essential role in the history of natural dyeing and has traditional medicinal 
uses. This plant has contributed to the creation of a variety of shades of red appreciated for their 
resistance to fading. Reseda luteola L., more commonly known as weld, is a member of the 
Resedaceae family recognized for its yellow color palette with high fastness proprieties [2]. 
The colorants present in natural sources are very limited in quantity. To efficiently separate the 
coloring components from their original sources, an efficient extraction technique using the 
optimal conditions is required [3]. Among the many conventional techniques for extracting 
colored ingredients are aqueous extraction [4], acid and alkaline extraction processes [5], and 
solvent extraction. To improve extraction, various advanced technologies are used, such as 
ultrasonic [6] and microwave extraction [7], fermentation, enzymatic extraction and 
supercritical fluid extraction [3].  
We carried out the present study to explore the extraction of natural dyes from tinctorial plants, 
employing two prominent extraction techniques, Ultrasound-assisted extraction (UAE) and 
microwave-assisted extraction (MAE) in order to enhance the extraction efficiency and reduce 
the extraction cost. We have analyzed various influencing factors in depth to find the optimal 
extraction conditions for the most efficient extraction technique. 
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2. EXPERIMENTAL 

Materials  
The rhizomes of R. tinctorum and the aerial parts of R. luteola were used in this study. The first 
plant was provided from the herbal stores in Casablanca city, and the second one was collected 
during the flowering period (Avril/May) in the region of Ouarzazate (Southern/Morocco). 
These plants were dried in an oven at 60°C, then ground to obtain a powder with an average 
diameter of 0.5 mm. 

Ultrasonic-assisted extraction 
An ultrasonic generator with a power of 130 W (Vibra Cell 75186 sonicator) and a titanium 
ultrasonic probe (6 mm in diameter) was positioned in the center of the mixture, with an 
amplitude of 80%. The nominal frequency was 20 kHz. Ground plant material (10 g) was mixed 
with 100 ml of ethanol and water, using a solid/solvent ratio of 1:10 (g/mL). The beaker was 
placed in a temperature-controlled water bath. The extract was then filtered and dried in an 
oven. 

Microwave-assisted extraction 
The microwave-assisted extraction (MAE) experiments were carried out on a microwave-
accelerated reaction system (Speedwave Xpert. Berghof. Germany. 2.45 GHz). MAE 
recoveries can be influenced by the solvent and extraction time. These effects were studied; 
dyes were extracted by adding 3 g of dried plants in 30 ml of solvent. For all experiments, the 
output power was 900 W and the temperature was 60°C. After microwave irradiation, the 
solution was filtered through filter paper and dried. 

Reflux extraction 
For one hour, 10 g of each plant was refluxed with 100 ml of water at 90°C. The final extract 
was filtered and evaporated. 

Ultra-High-performance liquid chromatography - detection by photodiode array 
(UHPLC-PDA) 
The dye powder (100 mg) was dissolved in 10 ml of ethanol/water mixture (4:6. v/v). The 
dissolved extract was then filtered through a 0.2 μm filter. High-performance liquid 
chromatography (HPLC) analyses were carried out for 35 minutes at a constant flow rate of 1 
ml/min. The column was thermostated at 35°C, and the binary elution solvent consisted of 
acetonitrile (A) and Millipore distilled water (B) acidified with 0.01% trifluoroacetic acid 
(TFA). The sample injection volume was 10 μl. This method was performed using an UHPLC 
system from PerkinElmer, equipped with a diode array detector.  

3. RESULTS AND DISCUSSION 

Optimization of UAE conditions 
Effect of extraction time: 
For both plants, the effects of extraction time on yields were studied by adjusting the 
mass/volume ratio of the liquid (1:10) and the composition of the solvent with 40% ethanol, 
varying the time (30, 35, 40, 45 min) to obtain the maximum yield of dye extract (Figure 1a). 
Experiments were carried out at room temperature. 
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As shown in figure 1, for R. tinctorum, the recovery percentage increases with the duration of 
ultrasonic treatment, as the contact time between liquid and solid plant material increases, for 
the first 40 minutes, then decreases considerably thereafter. These results may be linked to dye 
decomposition caused by extraction times that are too long, as plant phenols such as 
anthraquinone are most often degraded or undergo undesirable reactions such as enzymatic 
oxidation [8]. These phenomena could also be explained by Fick's second law of diffusion, 
according to which a final equilibrium between solute concentrations in the solid matrix (plant 
matrix) and in the bulk solution (solvent) could be reached after a certain time, leading to a 
deceleration in extraction yield [8]. For the R. luteola plant, the amount of dye leaving the plant 
increased also with time, but this increase was quite evident only up to 35 min. Further, there 
was not much change in the extraction rate, as longer times represent more energy and can 
break down the recovered compounds (Figure 1a), so an extraction time of 35 min was set for 
the next step. 
 
Effect of solvent composition : 
The extraction process was carried out with different solvent compositions (0, 20, 60, 80, 100) 
% ethanol when the other three factors namely, solid/liquid ratio, extraction time and 
temperature were set at 1:10, 35 min for R. tinctorum plant and 40 min for R. luteola plant , at 
room temperature, respectively. 
 
In the case of ultrasound-assisted extraction of R. tinctorum, the yield increases and reached 
11.91% rate with the ethanol content to 60%, then decreases (Figure 1b). This was probably 
due to the relative polarity that matched the extracted dyes and increased their solvability in 
ethanol than in water [9]. In fact, at higher water concentrations, as in 0% ethanol, product 
recovery was lowest, as high water content increased the polarity of the mixture to the point 
where it was no longer favorable for anthraquinone extraction. In contrast, for the R. luteola 
plant, the addition of water increases the extraction efficiency, giving a maximum rate of 
24.18% with 100% water. This can be explained by effective swelling of the plant in water, 
which increased the contact surface between the plant composition of flavonoids and the 
solvent, and release the dyes from plant [9] altough the flavonoids have less polarity than water. 
The optimum values of parameters affecting quantitative ultrasonic extraction are found to be 
35 min for extraction time, 100% distilled water for extraction solvent and a mesh size of 0.5 
mm. 

 
Figure 4. The effect of (a) UAE time and (b) solvent composition on extraction yield 
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Optimization of MAE conditions 
Effect of extraction time : 
The duration of microwave irradiation was varied from 1, 2, 3, 4 to 5 minutes. The results 
indicate that yield increases with the duration of MAE at the start of extraction. Yields peaked 
for R. tinctorum and R. luteola plants, at 13% in 4 minutes and 22.66% in 3 minutes, 
respectively, during the MAE process (Figure 2a). However, if the MAE time exceeds 5 
minutes, the extraction percentage decreases due to the extract decomposition [10] as 
mentioned above. 
Effect of solvent composition : 
The impact of ethanol concentration on extraction efficiency is shown in figure 2b. These 
results show that the use of microwaves clearly improves product recovery for the all 
investigated solvent compositions. The MAE technique using 20% ethanol in water gave the 
highest percentage recovery of dyes extract for the both plants. The presence of high amount of 
water in the solvent have prompted the swelling of the plant material, which increases the 
contact surface between the plant composition of dyes and the solvent [11].  

 
Figure 5. The effect of (a) MAE time and (b) solvent composition on extraction yield 

Extraction yields comparison  
The HRE, UAE and MAE extraction methods were investigated to determine the best dye 
extraction technique. Table 1 shows different extracts yields achieved with the three extraction 
techniques. The best yield was obtained with 13% using the MAE technique for R. tinctorum 
plant. In the case of R. luteola plant, the extract yield of the UAE technique (24.18%) was the 
highest among the three methods. The best results were achieved not only in terms of the higher 
extract yields but also in terms of economic benefit since the extraction process was carried out 
at room temperature.  

Table 1. Comparison of yields for the three extraction processes 

Plant 
Extraction 

mode 

Parameter 
Yield  (%) Solvent 

(EtOH /H2O) 
Temperature 

[°C] 
Extraction 
time [min] 

Rubia 
tinctorum 

L. 

UAE 60/40 Ambient 40 11.91 

MAE 20/80 60 4 13 
HRE 0/100 90 60 10.12 

Reseda 
luteola L. 

 

UAE 0/100 Ambient 35 24.18 
MAE 20/80 60 3 22.66 
HRE 0/100 90 60 13.51 
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Caracterization of extract dyes by HPLC 
Figure 3 illustrates HPLC chromatogram of R. tinctorium rhizomes extract, reveals the presence 
of three major peaks. According to Derksen GCH et al.‘s work [12], the similar result has been 
found, it was considered that the main peaks at 2.848mn, 4.546mn and 5.660nm could be 
assigned to lucidin primeveroside, ruberythric acid and alizarin, respectively. As the result, 
ruberythric acid is the most abundant compound in the R. tinctorium rhizoms extract. But it 
could be transformed easily to alizarine by a simple hydrolyse reaction. 
Figure 4 demonstrates the HPLC chromatogram of R. luteola extract dyes. The chromatogram 
discloses the presence of three peaks at 1.441mn, 1.829nm and 3.118nm. Comparing this result 
to the previous works such as van der Klift E et al.‘s research, these peaks could be attributed 
to ellagic acid, apigenin and luteolin, respectively [13]. This result confirms the presence of the 
most abundant compound, luteolin, in R. luteola extract as it was mentioned in literature.  
 

 

Figure 6. HPLC chromatogram of R. tinctorum extract at 450nm 

 
Figure 7. HPLC chromatogram of R. Luteola extract at 350nm 

4. CONCLUSIONS 

The study has developed and optimized two main recent technics of dyes extraction, mainly 
ultrasound- and microwave-assisted extraction methods for extracting the natural dyes existing 
in the aerial parts of R. Luteola and the rhizomes of R. tinctorum, taking into account the effect 
of two extraction parameters: extraction time and solvent composition. The optimal extrcation 
conditions for the R. tinctoria plant using MAE were obtained at 900 W in 4 minutes of 
treatment at 60°C, with an ethanol/water solvent mixture (20/80, v/v). On the other hand, the 
optimal extraction conditions using ultrasonic-assisted extraction (UAE), were achieved in 40 
minutes with ethanol/water (60/40, v/v). The extraction yields achieved by the both techniques, 
MAE and UAE were 13% and 11.91%, respectively. For R. Luteola plant, the optimal 
conditions using the UAE technique were obtained with 100% water as a solvent and 35 
minutes of treatment, realizing a higher yield of 24.18%. The MAE method has achieved an 
extract yield of 22.66% using ethanol/water (60/40, v/v) for 3 minutes. 
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ABSTRACT  
 
Education for Sustainable Development (ESD) has been increasingly becoming part of the curriculum of higher 
education in fashion design (HEFD). Thus, a structured, systematic literature review for ESD in HEFD and an 
exploratory, qualitative comparison between curricula in Germany and Iran were conducted to explore how far 
this educational approach with its relevant sustainability aspects for fashion design has been implemented in the 
curricula of B.A. and M.A. programs in the two countries. The findings of this paper demonstrate a high difference 
between the state of implementation of ESD in HEFD in the two countries.  
  
Keywords: ESD, sustainable fashion, higher education, Germany, Iran 
 

1. INTRODUCTION 
 
ESD is an educational approach that concerns everybody. The ESD concept has evolved as an 
independent field of educational research since the 1990s. It contributes to empirical 
educational research by focusing on evidence-based development and empirical validation of 
educational initiatives [1]. Especially in fashion and textile design, ESD offers the potential to 
transform the industry [2], providing students with the essential tools to overcome creative 
challenges for sustainable development (SD) by e.g., incorporating ESD as a guiding principle. 
These changes in education potentially contribute to a more sustainable fashion industry [3]. 
Hence, considering the various approaches to the sustainable transformation of the fashion 
system, product design is particularly important. It is, therefore, necessary to begin at this stage 
in education to effect long-term changes in the system and educate in a manner that promotes 
sustainability. To achieve this goal, introducing new educational paradigms is necessary [4]. 
 
This paper compares fashion design programs in Germany and Iran in terms of sustainability 
related competencies, as both economies contribute to the global fashion market in different 
ways. Germany is one of the leading fashion markets in Europe, ranking second in terms of the 
number of companies and total sales [5-6]. Meanwhile, in Iran, local fashion brands are 
experiencing unprecedented growth despite economic sanctions [7]. Starting from product 
design, the fashion system has a significant impact on the environment and society worldwide. 
[8]. Therefore, it is essential to transform fashion design education in line with the ESD 
approach, which is considered an integral element of sustainable development and a crucial 
facilitator for all relevant professional fields to tackle global challenges. This approach is 
reflected in UNESCO's ESD 2030 program, which also encompasses higher education curricula 
and aims to integrate sustainable development and the SDGs into education and learning [9]. 
Furthermore, UNESCO's roadmap requires a curriculum that is focused on sustainability, which 
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places new challenges on universities, researchers, and higher education institutions in their 
efforts toward sustainable development [10]. Therefore, universities that offer fashion design 
degrees should incorporate ESD into their curricula as a guiding principle. Thus, the aim of this 
paper is to explore the question of how far ESD and sustainability aspects are already anchored 
in fashion design studies in Germany and Iran. To explore this question, the research comprises 
two parts: A) a systematic literature review of the implementation of ESD in HEFD in both 
countries, as well as B) a qualitative content analysis of curricula for Bachelor of Arts (B.A.) 
and Master of Arts (M.A.) in fashion design regarding the implementation of ESD in HEFD in 
the two countries. 
 
2. METHODS 
 
2.1.  Systematic Literature Review (SLR) 
 
Following Paul and Criado’s SLR guidelines, the current state of ESD in HEFD was reviewed 
alongside four primary parameters: material collection, descriptive analysis, category selection, 
and material evaluation [11-12]. Publications on ESD in higher education and ESD in HEFD 
in both Germany and Iran, as well as in other countries, were searched for between January to 
June 2023. The search was conducted in three languages: German, Persian, and English. In 
Table 1, the databases and publishers used for literature searches are classified based on how 
they were employed for each country’s literature search. 
 

Table 1. Classified databases and publishers for literature searches 

 
Countries  Databases and publishers 
Germany and 
Iran (German 
and English) 

BNELIT OS/ PH-Katalog Plus/ Freiburg General Catalog/ FIS Bildung/ KVK - Karlsruher 
Virtueller Kat/ BASE/ HAW Hamburg REPOSIT 
Education Source/ Springer/ Academic Search Premier/ OAIster/ Wiley/ DOAB/ DOAJ/ 
WorldCat/ ERIC/ Taylor and Francis Online/ Emerald/ Science Direct/ Google Scholar 

Iran (Persian) The National Library of Iran/ The Library of Alzahra University/ IRANDOC/ Journal of 
Environmental Education and Sustainable Development of Iran/ The Scientific Information 
Database 

 
The search methods were pearl growing, snowballing, and citation search [13], as well as 
Boolean operators, phrase search, and truncation [14]. Initially, a search term matrix was 
created, which comprises search terms of “sustainable fashion education, education for 
sustainable development, Germany, and Iran” and their synonyms (e.g., sustainable apparel 
design education or ESD), broader (e.g., sustainability), narrower (e.g., eco-clothing), and 
related terms (e.g., environmental education in fashion), which were chosen based on the 
research question. Then, to evaluate the results, a table of inclusion and exclusion criteria was 
created based on the research question and scope.  
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Table 2. Inclusion and exclusion criteria of the systematic literature review (SLR) on Education for Sustainable Development 
(ESD) in higher education of fashion design (HEFD) in Germany and Iran. 

 
Inclusion Exclusion 
English, German, and Persian language resources Other languages 
Focuses on ESD for fashion and textiles design 
studies in higher education in Germany and Iran 

Only focuses on ESD for other fields of study  

Peer-reviewed journals; grey research including Ph.D. 
dissertation, M.A. and B.A. theses, and governmental 
reports; as well as conference papers 

Focuses on ESD in fashion and textiles design but not 
on ESD in higher education 

 
The publications underwent a three-phase screening process (see Figure 1), yielding 13 and 2 
publications for Germany and Iran, respectively. Phase 1 involved screening the titles and 
abstracts of the results, whereas phase 2 involved eliminating duplications and irrelevant 
publications. In phase 3, the inclusion and exclusion criteria (refer to Table 2) were used to 
hone in on publications relevant to ESD implementation in HEFD in Germany and Iran. 
 

 
 

Figure 8. Three phases of screening the SLR results 
 

2.2. Content Analysis of Fashion Design Curricula 
 
In Germany, 13 universities (11 public and 2 private) were selected for the comparison, since 
they all offer B.A. and M.A. in fashion design programs1 [15-27], while in Iran2, 3 public 
universities3, 9 technical and vocational universities, and 21 private universities [28-34] were 
explored4. The data collection for the curricula involved an internet search through the 
universities’ websites. Following the deductive content analysis by Mayring [12], several 
keywords were selected based on the holistic learning model for developing sustainable fashion 
design education [35]. The keywords were employed as codes to scrutinize the content of 

                                            
1 Reutlingen University (B.A. in fashion and textile design), University of Applied Sciences and Arts Hannover (HSH) (B.A. in fashion 
design), University of Applied Sciences Berlin (HTW) (B.A. and M.A.in fashion design), Niederrhein University of Applied Sciences (bachelor 
of fashion design engineering), Pforzheim University (B.A. in fashion design), University of Applied Sciences Zwickau (B.A. and M.A. in 
fashion design), Burg Giebichenstein University of Art and Design Halle (B.A. in fashion design and M.A. in conceptual fashion design), Art 
Academy Berlin-Weissensee (B.A. and M.A. in fashion design), Bielefeld University of Applied Sciences and Arts (HSBI) (B.A. and M.A. in 
fashion design), Trier University of Applied Sciences (B.A. and M.A. in fashion design), Hamburg University of Applied Sciences (HAW) 
(B.A. and M.A. in fashion design), BSP Business & Law School (B.A. in sustainable fashion), and University of Art Berlin (UDK) (B.A. and 
M.A. in fashion design) [15-27]. 
 
2. Iran refers to the field as apparel and textile design, or separate fields of apparel design, sewing and design, as well as textile design and 
printing. The Iranian universities in each of the 16 provinces, both public and private, offer bachelor's degrees in these areas. The Ministry of 
Science, Research, and Technology publishes the curriculum for each field for universities. Despite of including courses related to fashion, 
none of the programs are called fashion design and this could be due to the political issues which has affected the status of fashion in Iran after 
the 1979 Islamic revolution [36].  
 
3. Alzahra University (offering B.A. and M.A. in apparel and textile design), Tehran University of Art (offering B.A. and M.A. in textile design 
and printing), Semnan University (offering B.A. and M.A. in textile design), and technical and vocational universities [26-28]. 
 
4. These comprise of 3 Azad universities, 8 Gheirentefai universities, and 10 Elmikarbordi universities and provide various types of bachelor's 
degree programs, which includes a B.A. in apparel and textile design, B.A. in apparel design, B.A. in textile and printing design, Foghe-e-
Diplom or Kardani (equivalent to 2 years of higher education) in sewing and design, and a discontinuous Undergraduate B.A. course (2 
additional years of higher education) in sewing and design [28-34]. 

Phase 1 (screened based on the title and abstract 
of the publications): 

Germany=327, Iran=48

Phase 2 (removing the duplications):
Germany=234, Iran=35

Phase 3 (dividing into two themes): 
ESD in higher education across 
various fields (Germany=219, 

Iran=33) and ESD in HEFD 
(Germany=13, Iran=2) 
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curricula and program descriptions. These codes include “socio-cultural, environmental and 
economic aspects of sustainability, sustainable design strategies, fashion design and apparel 
production for sustainable development, strategies in the textile change, innovative knowledge, 
ethical and social action, group work, working within local projects, co-operation with different 
disciplines, co-operation with industry partners, real-life learning, critical thinking, innovative 
thinking” [35, p 5]. German and Persian results were translated into English by the researcher. 
 
3. RESULTS 

 
3.1. Evaluation of ESD Implementation  

 
Ermer [35] proposed a framework model of learning forms for a didactic-methodical concept 
for a holistic perspective on learning sustainability in fashion design. She presented the notions 
of sustainability and education for sustainable development in the fashion industry and 
discussed the status of sustainable design [37]. Furthermore, Ermer and Schwarzkopf [38] 
conducted a qualitative content analysis to examine the curricula of five German universities 
that offered a B.A. in fashion design by 2019. They found that only HTW Berlin directly 
incorporates sustainability aspects in its curricula [38]. However, the analysis does not include 
master’s programs and extracurricular sustainability-related activities. Additionally, the main 
objective of the EU-project Fashion Diet is the implementation of ESD as a guiding principle 
in fashion and textile study programs [39], using a mixed-methods research approach. The 
researchers from four partner universities in Germany, Romania, and Bulgaria created – as the 
main intellectual output – an ESD education module in the context of fashion and textiles that 
comprises 42 courses for higher education, which is provided as Open Educational Resource 
on the platform Glocal Campus [40-42].  
 
For Iran, only two publications mentioned sustainability in the context of fashion and textiles, 
and one of them was focused on ESD. Davari et al. [43], by applying a survey of female students 
enrolled in B.A. and M.A. courses in textile, apparel, and industrial design, reported a lack of 
comprehensive awareness in the field among their peers, along with observed anti-sustainability 
attitudes. In contrast, Rezvani Ahangar Kolaee et al. [44] focused exclusively on female 
undergraduate students at Shariati Technical and Vocational University in Tehran. They 
designed courses to improve students’ cognitive abilities in designing sustainable clothing to 
minimize waste through knowledge of fibers, textiles, apparel life cycle, and their 
environmental impacts on their future careers. The study, however, did not cover the 
implementation of ESD into the university curriculum. A broader focus on different universities 
and a more concrete look at ESD implementation in HEFD is missing.  
 

3.2. Engagement of Universities in ESD  
 
In the fashion design study programs of German universities, a variety of topics and 
competencies related to sustainability could be found. The sustainability aspects included in the 
B.A. curricula as elective courses or relevant topics are “Sustainability in the Textile Industry” 
[15, p 14], “Design and Ecosystems, Materials and Innovation, Critical Fashion, Responsible 
Fashion”, seminars on “Responsible Fashion Business and Ecological Thinking” [19, p 6], 
“Sustainable Fashion” [17, p 5], innovative design [24, pp 4-5] and socio-cultural topics [24, 
pp 19-20], the knowledge of sustainability and ecology for the "Design Techniques" module 
[27, p 5], fashion as a reflection of social processes regarding gender, culture-specific clothing 
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characteristics, as well as ethical and ecological aspects in the internship research [23, p 80]. 
Additionally, one university offers a Bachelor of Arts degree in sustainable fashion with two 
incorporated courses: “Sustainability in the Textile Supply Chain” and “Sustainability in 
Marketing” [26]. Moreover, two universities have offered elective courses such as 
“Greenwashing, Innovative Materials, Material World Making, Strategies for Sustainable 
Design, and Fashion Revolution” [16], “Contemporary Textile Design” to promote an 
understanding of sustainable textile design, and “Green and Sustainable Logistics” [18]. Two 
universities also claim that sustainability is emphasized across all program subjects [16, p 24; 
17, p 2].  
 
Besides, in the B.A. program description of universities, the topics of sustainable factors and 
recyclability as aspects of the program [18], sustainability solutions throughout the 
development process from material production and dyeing techniques to product design [21], 
and training students based on social and ecological standards [22] are stated. Concurrently, the 
sustainability aspects included in the M.A. curricula are innovative materials [17, p 2-3] and 
the socio-cultural system of fashion and clothing [24, pp 2 and 6], while the descriptions of 
M.A. programs claim to deepen students’ specializations in sustainability [17], to prepare 
graduates to handle cultural, societal, and technical challenges and to develop innovative, 
business-collaborative, and environmentally sustainable solutions [25], to enhance the student's 
comprehension of design across economic to ecological contexts [20], and to emphasize on the 
principles of sustainability, ecology, economy, and their global impacts [22]. 
 
In contrast, 34 universities in Iran did neither integrate any ESD aspects in their curricula nor 
mention sustainability in their program descriptions [28-34], while all 13 universities in 
Germany either incorporated at least one aspect of ESD (e.g., ecological thinking) in their 
HEFD curricula or stated in their program descriptions that they follow sustainability goals. In 
sum, regarding the research question, the findings provide the following answer: several 
sustainability aspects such as topics of sustainability in the textile chain, ecology, innovation in 
materials, responsible fashion and activism, critical fashion, innovative design, and sustainable 
solutions were found in the curricula and program descriptions of HEFD in Germany which is 
far ahead of ESD implementation in HEFD in Iran. 
 
4. DISCUSSION 

 
The qualitative content analysis of the curricula and program descriptions for universities 
revealed that, while in Germany, sustainability aspects were mentioned in both curricula and 
program descriptions, in Iran there is no indication of sustainability or ESD implementation. 
This is particularly concerning given the high number of universities offering higher education 
degrees in this field in Iran. Interestingly, the program descriptions of 6 out of 13 universities 
in Germany included various topics such as acquiring skills to handle cultural, societal, and 
technical challenges, discovering environmentally sustainable solutions, and specializing in 
sustainability. This is the crucial aspect of the curricular analysis as it highlights the progress 
in integrating sustainability aspects into the curricula of HEFD in Germany, compared to the 
results of past research on the curricula of five universities, showing only the University of 
Applied Sciences Berlin integrated sustainability into its curriculum by 2019 in Germany [38]. 
Furthermore, elective courses on sustainability were either integrated into curricula or were 
offered, and even a degree in sustainable fashion has been offered. However, it is necessary to 
further integrate sustainability issues into all fashion subjects and increase engagement with 
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industry businesses to adjust the curriculum and equip students with the requisite knowledge, 
skills, and tools [2]. Besides, accelerating ESD integration in curricula requires professional 
development and changes in the discipline [45], which two out of selected German universities 
in this paper claim involving sustainability across all program subjects. 
 
The SLR demonstrated that research on ESD in higher education of fashion and apparel design 
in Germany and Iran is limited. ESD implementation in HEFD has been considered in two 
projects in Germany: The Fashion DIET project with an online ESD module that can be used 
to integrate ESD into the curriculum, and the publications of Ermer which primarily focus on 
HEFD. In contrast, while two papers mentioned sustainability, with one organizing ESD 
courses, no papers on the integration of ESD into the HEFD curricula could be found for Iran, 
which is in line with previous research in 2021 pointing out that no research on ESD 
implementation in apparel and textile design education has been conducted [44], and 
sustainability has yet to be considered a significant factor in Iran's fashion industry [46]. This 
highlights a significant research gap related to this subject in Iran and offers potential for experts 
in this area to explore varied sustainability topics throughout the country. Hence, the status of 
ESD implementation needs more research including participant observation of the classes at 
universities or exploring extracurricular activities to find out what is being implemented by 
experts in the content of courses. Comparing the two countries, Germany is far ahead of Iran 
but still, in both countries, there are many research gaps in ESD implementation in HEFD such 
as integrating the current frameworks for ESD in all subjects of the curricula or developing 
ESD models for fashion design education at universities.     
 
5. CONCLUSION 

 
This study offers an overview of the current status of ESD in HEFD and compares Germany 
and Iran. While there are several publications regarding the implementation of ESD in HEFD 
curricula in Germany, only one publication from Iran has addressed the integration of ESD in 
higher education for apparel and textile design. Besides, all of the German universities selected 
for the study include varying levels of sustainability aspects in their curricula and program 
descriptions, while Iranian universities have not incorporated sustainability in either the 
curricula or program descriptions. In sum, the comparison demonstrated that Germany has 
made considerable progress in integrating sustainability aspects into the fashion design 
programs, whereas Iran has yet to include sustainability aspects in its programs.  
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ABSTRACT 
 
Store window, which is one of the prominent store atmosphere factors, is the first point where consumers and 
brands interact with each other. A store window, which is attractively designed and possesses a high visual quality, 
attracts the consumers to the store and causes them to shop from this store. In this context, this research aims to 
analyze the effects of store window design on clothing buying behavior. In accordance with this aim, a survey is 
conducted to consumers whose ages are 18 and over and who live in three biggest cities of Türkiye (İstanbul, 
Ankara and İzmir). According to the obtained results within the scope of research; consumers are more affected 
from store window designs, which has bright design, in which price information are given and which possess a 
theme or tell a story. Besides, they are affected from color use within the store window design and they indicate 
that store window design is effective on their entrance to clothing stores and on their clothing product selections. 
 
Keywords: Store window design, store atmosphere, clothing sector, buying behavior, consumer 
 
1. INTRODUCTION 
 
Store atmosphere is one the significant factors, which affect the buying decisions and therefore 
buying behaviors. Store atmosphere, which consists of the factors like used colors, odors, 
music, shelves and store window, affects the consumers’ perceptions and their buying 
decisions. At this point, store window, which is one of the prominent store atmosphere factors, 
is the first point where consumers and brands interact with each other. A store window, which 
is attractively designed and possesses a high visual quality, attracts the consumers to the store 
and causes them to shop from this store. Therefore, store window design becomes a significant 
factor for brands and retailers that operate in clothing sector in which visual design is very 
important. In this context, this research aims to analyze the effects of store window design on 
clothing buying behavior.  
 
There are studies in the literature, which analyze the effects of store window design on buying 
behavior and preferences of consumers on the basis of clothing sector. These studies [1 – 5] 
focus on a specific brand or brand identity, a specific behavior, the importance of store window 
design in clothing sector and how it should be. However, this research focuses on the effects of 
store window design on clothing buying behavior generally without taken into consideration a 
specific brand or a behavior. Thus, this research alters from other studies within the literature.  
 
2. STORE WINDOW CONCEPT AND ITS EFFECTS ON CONSUMERS’ BUYING 
BEHAVIORS 
 
When consumers would like to shop from retail stores, they first see the store windows [6,7]. 
Store windows are used for convincing consumers [7]. Researches have shown that store 
windows could affect the consumers’ buying behaviors [6]. A store window, which possesses 
a beautiful presentation and high visual quality, positively affects the consumers’ emotions and 
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increases the sales. A store window helps to differentiate from rivals, attracts more consumers 
and increases consumers’ attention to products within the store [7]. 
 
A store window is the first place, when a consumer looks just before entering a store. Store 
windows are used for gathering information about stores and the products that they involve. 
Potential customers decide whether to enter or not to a store by using store windows. Stores 
with store windows possess higher sales according to stores, which do not have store windows. 
Successful store windows aesthetically please consumers, possess a theme, use warm colors, 
use perspective successfully, own a good lighting and contain accessories that are related with 
products [8]. More creative store windows attract more consumers [6]. Besides, store windows, 
which demonstrate new products, increase sales [8].  
 
First factor, which is used in store window design to attract consumers’ attention, is colors. If 
background colors, which highlight the product, are used, the product attracts more attention. 
Second factor is lighting and it especially attracts attention when it is used properly. It provides 
an attractive, interesting and comfortable store window. Lighting of a store window positively 
or negatively affects the views of consumers about the demonstrated products. Third factor is 
the materials (auxiliary materials, accessories, mannequins etc.) that are used in a store window. 
Materials can increase consumers’ interest towards store and products [9]. 
 
The store windows, in which mannequins are used, are found to be more aesthetic and attractive 
by consumers with regard to store windows without mannequins [9]. The mannequins, which 
are used in store windows, help consumers to estimate the fit of product on their own body [7]. 
A store window with a composition / story / theme attracts more attention from consumers [9]. 
Besides, large store windows attract more attention with regard to narrow store windows [6,8]. 
Briefly, clothed mannequins, a proper lighting and product-centered designs are used and the 
important features of products are emphasized by use of proper light and colors in order to 
create attractive store windows [5,10]. 
 
3. METHOD OF THE RESEARCH 
 
In accordance with this aim, a survey is conducted to consumers whose ages are 18 and over 
and who live in three biggest cities of Türkiye (İstanbul, Ankara and İzmir). Consumers whose 
ages are 18 and over are incorporated in the research because the age of legal majority is 18 in 
Türkiye. Besides, İstanbul, Ankara and İzmir provinces are selected because they can represent 
the country-wide due to their cosmopolite structures and population densities. 
 
According to data of Turkish Statistical Institute [11], Türkiye’s population is 84.680.273 by 
31.12.2021. The number of individuals, whose ages are 18 and over, is 61.941.973. Sample size 
is calculated as 384 at 95% confidence interval with 5% error margin. The individuals, who 
constitute the sample, are determined according to simple random sampling. 
 
The surveys are carried out between February 2023 and May 2023. Online survey technique is 
used. Survey form consists of 9 main and 32 sub-questions. Ege University’s Ethical Board of 
Social and Human Sciences Scientific Research and Publication has ethically approved the 
survey in 26.10.2022 with 1643 protocol number. 433 survey forms are incorporated in the 
research. The obtained findings are analyzed by using SPSS program. 
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4. ANALYSIS OF THE RESEARCH FINDINGS 
 
The questionnaire’s reliability is calculated and the reliability co-efficient α is found as 0,962. 
According to this, the scale of the questionnaire is found to be highly reliable. Besides, the 
participants are found that they are generally well-educated young consumers who possess low 
or middle-low incomes (Table 1). 79% of the participants separate 20% or less from their 
monthly budgets for clothing expense. In addition to these, the clothing brands, which are 
mostly bought by participants, can be respectively listed as; LC Waikiki, Zara, Mavi, Koton 
and DeFacto. However, the participants indicate that they mostly like the store window designs 
of Zara, Mavi, Koton, DeFacto, Beymen and LC Waikiki, respectively. 
 

Table 1. Distribution of participants according to their demographic properties 
Demographic Properties Frequency Valid Percent 

Age 

18-25 83 19,2 

26-33 152 35,1 

34-41 69 15,9 

42-49 63 14,5 

50 and over 66 15,2 

Gender 
Women 219 50,6 

Men 214 49,4 

Education status 

Primary school  23 5,3 

Secondary school 23 5,3 

High school 70 16,2 

University 253 58,4 

Postgraduate 64 14,8 

Monthly income 

525 $ and below 129 29,8 

526-1055 $ 187 43,2 

1056-1600 $ 62 14,3 

1601-2105 $ 30 6,9 

2106 $ and over 25 5,8 

 
The survey includes 24 statements, which analyze the effects of store window design on 
clothing buying behaviors and the participants are asked to select their agreement levels for 
each of these statements. In quinary likert scale I certainly agree was coded as 5, I agree as 4, I 
have no idea or I’m on the fence as 3, I don’t agree as 2 and I certainly don’t agree as 1. 
According to the obtained research results, consumers are mostly affected from the store 
window designs in which the prices of products are given (Table 2). Besides, they indicate that 
store window design is effective on their entrance to clothing stores and on their clothing 
product selections. In addition to these, the bright store window design is another important 
factor that affects the clothing buying behavior of consumers. Also, the consumers absolutely 
enter the clothing stores, which they like their store window designs. They can follow fashion 
and trends via store window designs and they are affected from the colors that are used in store 
window designs. Besides, they are more affected from store window designs, which possess a 
theme or tell a story.  
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Table 2. The descriptive statistics of the statements and the results of the exploratory factor analysis 

Factors Statements 
Rotated 

Loadings 
Average 

Standard 
Deviation 

Averages 
of the 

Factors 

Store window 
properties of clothing 

stores  

I am more affected from bright store window designs while I am buying clothes. 0,809 3,68 1,169 

3,39 

I am more affected from large and wide store windows while I am buying clothes. 0,782 3,41 1,244 
I am more affected from store window designs, in which products come into prominence, while I am buying 
clothes. 

0,748 3,48 1,204 

I am more affected from store window designs, which possess a theme/story, while I am buying clothes. 0,726 3,54 1,234 
I am affected from decoration materials (accessories, furniture, mirror, flower etc.) within store windows while 
I am buying clothes. 

0,715 3,34 1,303 

I am affected from colors that are used in store window designs while I am buying clothes. 0,687 3,55 1,172 

I am more affected from store window designs, in which product prices are given, while I am buying clothes. 0,664 3,76 1,130 
I am more affected from store window designs, in which brand logo and symbols are used, while I am buying 
clothes. 

0,610 3,12 1,238 

I am more affected from store window designs, in which products come into prominence, while I am buying 
clothes. 

0,587 3,11 1,324 

I am more affected from store window designs, which include many different products, while I am buying 
clothes. 

0,583 3,26 1,250 

I am more affected from intense/full store window designs while I am buying clothes. 0,574 3,07 1,254 

The effects of store 
window design on 

clothing store 
entrances and clothing 

product buying 

I definitely enter to a clothing store that I like its store window design. 0,796 3,64 1,200 

3,57 

I frequently visit the clothing stores that I like their store window designs. 0,768 3,52 1,258 

Store window design is effective on my entrance to a clothing store. 0,764 3,75 1,134 

I enter to a clothing store if I like its store window design; even if I do not want buy a product. 0,739 3,36 1,330 

Store window designs of clothing stores affect my clothing products choices. 0,705 3,70 1,114 

I can follow fashion and trends via store window designs of clothing stores. 0,686 3,59 1,187 

I am affected from store window designs while I am buying clothes. 0,580 3,40 1,236 

The effects of store 
window design on 
clothing shopping 

habits 

I buy clothes from a clothing store if I like its store window design; even if I do not need clothes. 0,790 2,39 1,295 

2,77 

I but clothes without examining in detail, if I see and like them in a store window. 0,777 2,58 1,330 

I frequently shop from clothing stores, which frequently change their store window designs. 0,724 2,79 1,315 

I frequently visit clothing stores, which frequently change their store window designs. 0,645 2,95 1,318 

I usually buy clothes from stores, whose store windows designs are liked by me. 0,569 3,04 1,314 

I visit shopping malls in order to see store window designs of clothing stores. 0,484 2,85 1,304 
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On the other hand, most of the participants indicate that they are affected from store window 
designs, in which products come into prominence. Moreover, they are affected from large and wide 
store windows and decoration materials (accessories, furniture, mirror, flower etc.) that are used 
in store window design. In addition to these, consumers are affected from store window designs, 
which include many different clothing products. Also, they enter to a clothing store if they like its 
store window design; even if they do not want buy a product. 
 
The statements, which analyze the effects of store window design on clothing buying behaviors, 
are gathered into three groups by using exploratory factor analysis. Exploratory factor analysis is 
actualized in order to obtain brief statements instead of 24 statements. It was found that the sample 
is suitable and reliable for factor analysis (Kaiser-Meyer-Olkin measure of sampling is equal to 
0,957 and the significance of Bartlett’s Test of Sphericity is equal to 0,000). Principal components 
extraction was used for extracting factors with eigenvalues over 1 and the rotation of factor loading 
matrix was chosen as varimax. The cumulative variance of three factors is equal to 67,5% (Table 
2). The loadings (scores) of the statements within Table 2 are taken from rotated component matrix 
(only one loading is lower than 0,50 and it is equal to 0,484). The obtained three factors are 
renamed (Table 2). Afterwards, following hypotheses are suggested:  
 
H1: The effects of store window design on clothing buying behaviors alter according to women 
and men consumers. 
H2: The effects of store window design on clothing buying behaviors alter according to consumers’ 
education levels. 
H3: The effects of store window design on clothing buying behaviors alter according to consumers’ 
ages. 
H4: The effects of store window design on clothing buying behaviors alter according to consumers’ 
monthly incomes. 
 
Four main hypotheses involve 12 sub-hypotheses due to the 3 factors and 4 demographic features. 
All sub-hypotheses were tested at 95% confidence interval. According to the obtained results, 5 
sub-hypotheses are accepted, whereas 7 sub-hypotheses are rejected. 
 

Table 3. Differences between the effects of store window design on clothing buying behaviors of women and men 
consumers  

Hypothesis 1a: The effects of store window design on clothing store entrances and 
clothing product buying differ according to women and men consumers. 

Gender N Average Standard Deviation t df p 

Women 219 0,1495677 0,98470383 
3,182 431 0,002 

Men 214 -0,1530623 0,99459898 

Hypothesis 1b: The effects of store window design on clothing shopping habits differ 
according to women and men consumers. 

Gender N Average Standard Deviation t df p 

Women 219 -0,1701703 1,02006703 
-3,632 431 0,000 

Men 214 0,1741462 0,95024397 
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Table 4. Differences between the effects of store window design on clothing buying behaviors of consumers at 
different education levels 

Hypothesis 2a: The effects of store window design on clothing store entrances and clothing product 
buying differ according to consumers at different education levels. 

Education Level N Average Standard Deviation t df p 

High school or below 116 -0,2646248 1,05129654 
-3,371 431 0,001 

University or above 317 0,0968343 0,96423983 

 
Table 5. Differences between the effects of store window design on clothing buying behaviors of consumers at 

different ages 

Hypothesis 3a: The effects of store window design on clothing shopping habits differ 
according to consumers’ ages. 

Age N Average Standard Deviation t df p 

41 or less 304 -0,0785159 0,98990339 
-2,524 431 0,012 

42 or more 129 0,1850297 1,00310898 

 
Table 6. Differences between the effects of store window design on clothing buying behaviors of consumers at 

different income groups 

Hypothesis 4a: The effects of store window design on clothing shopping habits differ according to 
consumers’ monthly incomes. 

Monthly Income N Average Standard Deviation t df p 

1600 $ or less 378 0,0419439 1,00863883 
2,299 431 0,022 

1601 $ or more 55 -0,2882691 0,89466242 

 
Performed hypotheses tests indicate that the store window properties of clothing stores do not alter 
on the basis of gender, age, education level and income level. However, the effects of store window 
design on clothing store entrances and clothing product buying are much higher on women 
consumers and on consumers, who possess an education level of university or more (Table 3 and 
Table 4). Besides, the effects of store window design on clothing shopping habits are much higher 
on men consumers, on consumers, who are aged 42 or more and on consumers, who possess 1600 
dollar monthly income or less (Table 3, Table 5 and Table 6).  
 
5. RESULTS AND GENERAL EVALUATION 
 
The important research results and the suggestions that can be made on the basis of these results 
can be summarized as followed: 
 
1. According to the obtained research results, consumers mostly affected from store window 
designs, in which product prices are given. Therefore, clothing enterprises and brands should 
explicitly exhibit the product prices in a readable way. 
2. Consumers indicate that store window design is effective on their entrance to clothing stores 
and their clothing product choices. At this point, clothing enterprises and brands should give the 
necessary importance to their store window designs and design attractive store windows.   
3. Consumers are more affected from store window designs, which are bright and which possess a 
theme/story. Besides, colors, which are used at the design process of store windows, also affect 
the clothing buying behaviors. Therefore, clothing enterprises and brands should design bright and 
colored store windows, which possess a theme/story.  
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4. Consumers definitely enter to clothing stores that they liked their store window designs and also 
they frequently visit the clothing stores that they liked their store window designs. At this point, 
clothing enterprises and brands should give great importance to their store window designs and 
design interesting store windows. 
5. Consumers indicate that they can follow fashion and trends via store windows. Therefore, 
clothing enterprises and brands should design window stores, which reflect the current fashion and 
trends. 
6. Consumers indicate that they are affected from store window designs, in which products come 
into prominence. Moreover, they are affected from large and wide store windows and decoration 
materials that are used in store window design. In addition to these, consumers are affected from 
store window designs, which include many different clothing products. At this point, clothing 
enterprises and brands should design large and wide window stores, in which products come into 
prominence, and in which different decoration materials are used and many different clothing 
products are exhibited.  
7. The effects of store window design on clothing store entrances and clothing product buying are 
much higher on women consumers and on consumers, who possess an education level of university 
or more. Therefore, clothing enterprises and brands, especially whose target groups consist of 
women and well-educated consumers, should give more importance to store window design. 
8. Besides, the effects of store window design on clothing shopping habits are much higher on men 
consumers, on consumers, who are aged 42 or more and on consumers, who possess 1600-dollar 
monthly income or less. At this point, the clothing enterprises and brands, especially whose target 
groups consist of men, consumers at middle age or over and consumers possess low and middle-
low incomes, should give great significance to store window design. 
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ABSTRACT  
 
The history of sustainable Fashion traces the evolution of an industry that has undergone significant transformations 
in response to growing environmental and social concerns. This paper provides an overview of the key milestones and 
developments in sustainable Fashion, highlighting the motivations, challenges, and achievements that have shaped its 
trajectory, clarifying the phases of Sustainable Fashion development by dividing them into clearly defined periods. 
 
Key Words: Sustainability trend, sustainable fashion, fashion, eco-design, textile industry 
 
1. INTRODUCTION  

Sustainability has become ingrained within all creative industry sectors today, including textiles. 
Sustainable Fashion represents a growing design philosophy and a prevailing trend with a mission 
to diminish the carbon footprint of the world's second-largest economy. This sustainability 
movement seeks to establish fresh frameworks and mechanisms for the ever-expanding textile and 
fashion sector. With roots extending back several decades, this movement engages significant 
entities of the fashion world through its well-structured platforms. Consequently, the global 
industry now directs heightened attention toward sustainability in textile and fashion design. This 
shift toward environmentally conscious production of textiles and garments is growing in intensity, 
spurred by the increasingly evident signs of climate change. Notably, the environmentally-
conscious Y and Alpha generations display rising interest in ecologically produced textile and 
apparel items. After approximately three decades of dedicated efforts, the global textile and fashion 
industry has successfully pursued its objective of operating within a sustainable, ethical, and 
transparent framework. This article researches the history of this revolution. 

2. METHODOLOGY: OVERVIEW OF THE KEY EVENTS AND DEVELOPMENTS IN 
THE HISTORY OF SUSTAINABLE FASHION 

The history of sustainable Fashion can be traced back to various movements and milestones that 
have shaped the industry's environmental and social responsibility approach. This research's 
methodology is based on summarising and reviewing the Author's previous articles and 
complementing them with new information gained from renewed authors' available sources and 
some prominent literature. The goal was to clarify the phases of Sustainable Fashion development 
by dividing them into clear periods. The overview of the key events and developments in the 
history of sustainable Fashion can be divided into four phases: 

- Early Awareness 
- Emergence of Environmental Concerns 
- Ethical Fashion Movement 
- Mainstreaming Sustainable Fashion. 
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2.1 Early Awareness (19th-20th Century) 

The Industrial Revolution and the rise of mass production and mechanisation in the 19th Century 
led to increased environmental and social impacts on the textile industry. The nineteenth-century 
European landscape witnessed a profound shift in textile production and consumption, primarily 
propelled by the monumental influence of the Industrial Revolution. The pivotal role of textile 
industries in shaping the evolution of the factory system cannot be emphasised enough. Numerous 
ground-breaking inventions from this era found direct or indirect applications within the textile 
sector, solidifying its central position in the transformative processes of the time. In 1801, Joseph 
Marie Jacquard, a pioneering inventor from France (1752–1834), revolutionised the production of 
intricate woven textiles by introducing a ground-breaking mechanical system. Advances brought 
about by the Industrial Revolution paved the way for greater production of goods that exceeded 
consumer demand. This shift meant conspicuous consumption was no longer confined solely to 
the upper classes. The impact of the International Exhibitions was also significant, fuelling the 
competition between French and English textile manufacturers, while design quality has suffered 
from concept to mass production. This trend was one of the reasons for the development of the Art 
and Craft Movement (a movement which spanned the transition from the Nineteenth Century to 
the twentieth), one of whose leading figures was William Morris.  (Watt, 2004) At the same time, 
labour rights movements, such as early unions, emerged to address issues such as poor working 
conditions and low wages in the textile and garment industry. 

2.2 Emergence of Environmental Concerns (1960s-1980s) 

The growing awareness of environmental issues in the 1960s and 1970s laid the sustainable fashion 
movement's first environmental movements and foundation. The initial recycling ideas emerged 
in the 1960s, coinciding with the era of the hippies. However, the specific objectives associated 
with this movement, as we recognise them today, were still being defined. (Fig 1) 

 

Figure 1. Fashion of the Hippie Era 

2.3 The Ethical Fashion Movement (1990s-2000s) 

Visionary designers laid down the foundations of sustainable Fashion in the early 1990s as the 
movement to address environmental concerns arising from the expanding fashion industry and the 
use of eco-friendly materials began to regain momentum. The notable designers of the movement 
were Belgian designer Martin Margiela and Italian designers Franco Moschino and Giorgio 
Armani. The Slow Fashion Concept, the idea of slowing down consumption and promoting quality 
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over quantity, gained traction in response to the fast fashion culture.  (Csanák, 2014) In 1990, the 
March edition of Vogue highlighted the new environmental trend in Fashion. Its Author, Carol 
Leggett, emphasises, "As the ecological movement gathers force, designers are finding that fashion 
can be environmentally responsible."  (Leggett, 1990)  In the same year, the initial article 
addressing this subject, "The Environmental Movement in the Fashion Industry," debuted in The 
New York Times, authored by Woody Hochswender.  (Hochswender, 1990.) (Fig 2) 

Figure 2. (Left to right) Manifest of Martin Margiela, a campaign of Franco Moschino, a screenshot of the runway 
of Giorgio Armani SS95 collection, and an image from the 1990 issue of the Vogue 

In this period, the first fair trade initiatives arose: fair trade organisations began to address labour 
rights and social justice issues by promoting fair wages and better working conditions for garment 
workers. At the same period, demand for organic cotton and other eco-friendly fibres increased, 
driven by concerns about pesticide use and the environmental impact of synthetic fibres. In 2001, 
designer Stella McCartney introduced her independent fashion label, renowned for its animal-
friendly design ethos. 2004, Rogan Gregory and Scott Hahn established the Loomstate brand and 
unveiled their inaugural line of organic designer products. Their brand's mission is to foster interest 
in certified organic cotton through socially and environmentally responsible production 
techniques, crafting eco-conscious clothing collections. 

In the same year, the Author of this article introduced her inaugural sustainable private-label 
Spring-Summer '05 collection, named "All My Eye! by edita Q'ray." This collection, featuring 
organic denim and flax materials, earned recognition as a finalist for the 2005 Industrial Design 
Award, and it was showcased at the Museum of Applied Arts in Budapest in 2005. (Fig 3) 

Figure 3. Edit Csanák (2004): "All my eye! by edit a Q’ray” SS05 - Industrial Design Award finalist, 2005 
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Around 2007, the fashion market underwent a significant transformation, embracing sustainability 
as a fundamental principle. Despite some experts expressing scepticism about whether 
environmentalism could instigate substantial shifts in style and dismissing it as a mere "one-season 
trend," it rapidly gained global traction. The inaugural green fashion weeks came to fruition, with 
esteemed designers like Versace, Calvin Klein, and Yves Saint Laurent incorporating eco-
conscious fashion trends into their collections. Robert Sullivan's article, featured in the May 2007 
issue of Vogue, also delved into the realm of sustainable fashion topics. "We are getting the 
message: The eco-friendly trend is good for the planet. But, (…) there is much more to this 
conscientious clothing movement."  (Sullivan, 2007.) The new trend, the eco-phenomenon, has 
been characterised as not a short-term trend and can last for several seasons. In 2007, the Earth 
Pledge Foundation released a comprehensive collection of essays addressing the fashion industry's 
sustainability, featuring contributions from various authors. This ground-breaking publication 
marked the inaugural book on the subject, offering valuable insights that elucidated the progression 
toward a more sustainable fashion industry.  (Earth Pledge Foundation, 2008.) (Fig 4) 

Figure 4. (Left and middle) Article of Robert Sullivan in the May 2007 issue of Vogue; (right) Book cover of the 
Future Fashion White Papers of the Earth Pledge Foundation 

It's crucial to emphasise the profound shift in the fashion industry around 2007 when it encountered 
a game-changing phenomenon: Fast Fashion, significantly bolstered by the rapid growth of e-
commerce. While there were inklings of this trend, its immense impact on the fashion world was 
difficult to anticipate. Some experts foresaw that this new market channel would bring a seismic 
transformation in the industry. The first comprehensive article on sustainability in this context had 
been published just a year earlier, featuring contributions from multiple authors.  (Csanák, 2014) 

2.4 Mainstreaming Sustainable Fashion (2010s to present) 

The period from the 2010s was an era of collaboration and awareness: various stakeholders, 
including fashion brands, NGOs, and consumers, began working together to raise awareness and 
promote sustainable practices.  (Black, Eco-chic: The Fashion Paradox, 2008.)  (Black, The 
Sustainable Fashion Handbook, 2013.)  
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Fast Fashion catalysed consolidating the sustainability trend, sparking a surge in the number of 
movements, a proliferation of their participants, and forming various associations. Table 1 
provides an overview of key players in the global sustainable fashion landscape. These 
organisations have significantly promoted fashion sustainability by facilitating online courses, 
hosting panel discussions, conducting webinars, organising fashion expos, and training emerging 
fashion brands. The pivotal year of 2013 united the revolutionary forces within the movement in 
response to the Rana Plaza disaster in Bangladesh. Subsequently, in 2014, the organisation known 
as Fashion Revolution was established, emerging as a central entity in the Sustainable Fashion 
movement.  

Table 1. Organisations of Sustainable Fashion with the year and location of their establishment 

Year of 
Establishment 

Name of the Organisation Country 

1987 EPEA (Environmental Protection Encouragement Agency) Germany 

1989 Clean Clothing Campaign Bangladesh 

1995 Verite France 

1996 Textile Environment Design (TED) United Kingdom 

1998 Ethical Trading Initiative United Kingdom 

2002 Ethical Trading Organisation United Kingdom 

2006 Ethical Fashion Forum United Kingdom 

2007 Fashion Takes Action Canada 

2008 National Association of Sustainable Fashion Designers (SFD) United States 

2009 Eco-Age United Kingdom 

2009 Sustainable Apparel Coalition United States 

2014 Fashion Revolution United Kingdom 

2016 Mistra Future Fashion Sweden 

2016 Eco Team of the National Fashion League Hungary 

The interplay of environmental and ethical concerns arising from the moral and economic 
challenges within the fashion industry gave rise to a distinct sector within the fashion market, 
commonly referred to as the eco-design textile and fashion products segment. Around the 2010s, 
a new market segment was born: Sustainable Fashion. This transformation brought about new 
employment opportunities, shifts in power dynamics, and evolving interests within the industry. 
Designers focused on sustainable and ethical practices gained recognition and brought the issue to 
the forefront of the fashion industry. Concurrently, conceptual education modules and specialised 
training programs emerged, leading to the establishment of sustainable fashion education as a 
relatively recent discipline.  

The Sustainable Circular Economy (SCE) approach gained popularity, emphasising resource 
efficiency, recycling, and minimising waste in the fashion supply chain. The call for transparency, 
supply chain traceability and ethical sourcing led to increased examination of supply chains and 
the introduction of certifications and standards to verify sustainable practices. Advancements in 
technology and innovation, smart textiles and new materials, such as recycled fabrics, bio-based 
materials, and 3D printing, have contributed to the growth of sustainable Fashion. 
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3. RESULTS AND DISCUSSION 

As the 21st Century progressed, sustainable Fashion gained momentum through various initiatives. 
Establishing certification systems and standards, such as Global Organic Textile Standard (GOTS) 
and Fairtrade, helped consumers identify and support sustainable products. Collaborations 
between fashion brands, NGOs, and governmental bodies further bolstered sustainable practices, 
promoting responsible sourcing, reducing carbon footprint, and supporting worker welfare. 
Technological advancements have been pivotal in fostering sustainability within the fashion 
industry in recent years. Innovations like 3D printing, upcycling, and digital design tools have 
opened new avenues for creative expression while minimising waste and reducing reliance on 
virgin resources. Furthermore, the rise of digital platforms has facilitated the movement's growth, 
making sustainable Fashion more accessible to a broader audience. (Cline, 2013.) As stakeholders 
continue to collaborate, innovate, and educate, sustainable Fashion has the potential to transform 
the entire industry, promoting a future where style and ethics go hand in hand  (Minney, 2016). 

4. CONCLUSION 

Hence, sustainable Fashion is commonly mentioned as a trend that emerged due to the fast fashion 
industry's detrimental environmental and social impacts; it has deeper roots. It is essential to 
highlight that sustainable Fashion is still an ongoing movement, and its history continues evolving 
as new challenges and solutions emerge. Scaling up sustainable practices, overcoming supply 
chain complexities, and changing consumer mindsets remain ongoing obstacles. Looking ahead, 
the history of sustainable Fashion serves as a testament to the power of collective action and 
innovation in addressing the environmental and social impacts of the fashion industry. The article 
attempted to present and explore this history. 
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ABSTRACT 
 
Innovative ideas emerging from global challenges have contributed to reshaping societies with new systems. With the 
progression of technology, these systems have transitioned into a digitized structure, enhancing the overall quality of 
human life. Having said that, this study aims to elucidate how the collaboration between fashion design education and 
the textile industry can shape fashion innovation and sustainability, and contribute to digital transformation. It presents 
a future scenario that sheds light on the contributions of digital transformation to fashion design students and 
professionals, unveiling the potential it holds. In that respect, the fashion design students created their digital designs 
using tools such as CLO3D and Blender in an attempt to explore the intersection of fashion education and industry 
applications from a professional perspective and culminate in a digital fashion show demonstrating the combined 
digital skills fueled by imagination. Not only does this study ensure continuity in the remote learning process, but it 
also highlights the impact of seamless digital integration in response to evolving industry demands through 
collaborative efforts. 
 
Key Words: Digital fashion, virtual fashion, CAD, 3D fashion, CLO3D, blender, digitalization, sustainability 
 
1. INTRODUCTION 
 
Innovations that shape and advance societies have brought forth new thought systems. With the 
progression of technology, these thought systems have transitioned into a digitized structure, 
enhancing the overall quality of human life. Notably, amid the global challenges posed by the 
COVID-19 pandemic, this digital transformation emerged as an effective coping strategy and 
rapidly catalyzed various sectors, most notably the fashion industry. The pandemic-induced 
restrictions on physical interactions have necessitated innovative educational solutions, especially 
in fashion and textile design departments [1], [2]. These constraints have directed the globally 
recognized fashion industry towards embracing sustainable principles and consequently led to the 
emergence of new concepts such as virtual stores, computer-aided software, interactive three-
dimensional fashion exhibitions, and the Metaverse [3]. The developments, on the other hand, have 
triggered the exploration of digital tools and increased collaborations between academic 
institutions and industry partners. Factors such as sustainability, advancing technology, consumer 
expectations, and environmental awareness have prompted progressive brands to embrace 
digitalization within the fashion industry. One can witness the initial instances of this initiative in 
the collection released by the world-renowned fashion brand Balenciaga in December 2020. The 
brand launched its Autumn 2021 collection, titled 'Afterworld: The Age of Tomorrow,' by 
transforming realistic avatars into a gaming format. This collection, which brought together virtual 
reality, fashion, and gaming worlds, offered viewers a new-generation fashion show experience 
[4]. This innovative and eco-friendly step into the fashion world signifies a rapid transformation 
of the future of fashion, emphasizing sustainability.  
 
Regarding the discussion above, in the project under discussion, fashion design students ’
collections were digitally brought to life through computer-aided design programs, namely 
CLO3D and Blender. By doing so, it was demonstrated that unique digital fashion collections and 
catwalk shows can be realized by getting the most benefit of the amalgamation of technology and 
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fashion education, and that the digital resources, with the help of the university and industry 
collaboration, can be efficiently employed for digital transformation in the industry. As is well 
known, balancing technological advancement while preserving artistic essence is a crucial step in 
maintaining the identity of fashion. Achieving this balance is essential in seamlessly combining 
fashion's creativity with digital transformation. The study also suggested that the fusion of 
traditional design aesthetics with contemporary digital solutions has opened up new possibilities 
for reshaping the future of fashion in an environment where technology and sustainability 
converge. 
 
As a final word, the study under discussion did suggest that digital showcases can be an additional 
option to reduce the carbon footprint of fashion companies. The comparative study between the 
previous years ’fashion show activities with the effort invested in the current digital fashion show 
pointed at positive impact in terms of  various parameters such as transportation, production, 
material sourcing, electricity consumption, and organization.  
 
2. EXPERIMENTAL 
 
The foundation of this study encompasses the process of creating a digital fashion collection that 
reflects the symbiotic relationship between traditional design and digitization. The adopted 
methodology involves collaboration among students, academic institutions, and industry partners 
through computer-aided design software. 
 
2.1 Design Process  
 
The process commenced with students presenting their clothing designs and mood boards, marking 
the inception of their creative journey. Students who defined their themes produced two design 
sketches. These designs were subsequently transformed into tangible patterns using computer-
aided design software, constituting the foundation of the digital collection. A versatile three-
dimensional digital fashion design software, CLO3D, was employed to meticulously position 
garment patterns on virtual models and carry out the tailoring process. This facilitated a 
visualization within the designs, bridging the tactile realm of traditional design with the virtual 
world of digitization. Following this stage, digital representations of the fabrics chosen by students 
to align with their themes were assigned to the garments. Subsequently, colors, patterns, and 
accessories that complemented the themes were incorporated to establish the holistic aesthetic of 
the design. This stage is illustrated in Figure 1. 
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Figure 1. Pattern and model application in the CLO3D program 
 
2.2 Digital Fashion Show 
 
In order to imbue the designed avatars with vitality and realism, a set of poses and movements 
were defined within the program. During the showcase phase, collaboration was established with 
a 3D designer to further enhance students' designs and create a professional presentation. This 
original three-dimensional modeling and animation process was successfully executed through the 
use of the software Blender. To achieve the best results from the runway show, the models carrying 
the digital garments were placed in three-dimensional environments designed to match the 
concept, integrated with lighting and sound elements. The resulting models were skillfully 
combined with video editing and graphic design techniques to complete the project. An exemplary 
image from the prepared video work is shown in Figure 2.  
 

 
 

 Figure 2. Captured image from digital fashion show video 
 
This process not only enriched the students' learning experiences but also strengthened the 
connection between theoretical education and practical application, emphasizing the potential of 
digital tools in contemporary fashion design. 
 
3. RESULTS AND DISCUSSION 
 
The digital fashion show has presented a series of outcomes demonstrating its potential to reshape 
sustainability in fashion education and industry practices. Students have created designs that 
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combine traditional aesthetics with digital dynamism through programs such as CLO3D and 
Blender. In this context, this study anticipates that students will be equipped with skills; 
furthermore, they will gain innovative advantages in their careers after graduation. 
 
The fashion industry, known for its artistic expression and cultural impact, has raised 
environmental concerns due to its intensive use of resources and carbon emissions in physical 
fashion shows. In this sense, shifting towards virtual exhibitions and digital platforms reflects a 
proactive approach to sustainability. This digital leap offers a responsible alternative to mitigate 
the environmental damage caused by traditional fashion events, effectively reducing the time, cost, 
and workload involved [2]. According to a report by Ordre, travel by fashion buyers and designers 
to major fashion weeks in cities like Paris, Milan, London, and New York results in the emission 
of 241,000 tons of carbon annually [5]. Transitioning to digital fashion events not only transcends 
geographical boundaries but also minimizes the carbon footprint. Digital fashion events not only 
serve to mitigate emissions arising from transportation but also have the potential to reduce 
emissions stemming from the transportation of raw materials and products, production processes, 
and catering services provided to participants in physical events. In our study, we present a carbon 
footprint equivalent calculation by delineating emission sources [URL 1-6] and comparing two 
scenarios occurring in physical and digital contexts. For these calculations, the figures related to 
ITU Fashion Show 2019 such as the number of attendees (500) and of designs (40) as well as the 
emissions resulting from transportation and catering services approximated on a per-person basis 
were taken into account. During the digital fashion showcases, 26 looks designed by 13 students 
were showcased at the launching event attended by 45 individuals. As shown in Table 1, the 
emissions stemming from transportation, catering services, and clothing production during the 
physical event amounted to 1,323.6 kgCO2e, while those in the digital showcase, including 
electricity consumption from blender and rendering, transportation, and catering services, were 
calculated to be 254.16 kgCO2e. It is evident that the emissions generated in the digital showcase 
have decreased by approximately 81% compared to the physical show. Based on these findings, it 
can be concluded that the digital showcase has significantly reduced emission values, equivalent 
to the carbon sequestration capacity of 18 trees over 10 years, resulting in a reduction of 1,069.45 
kgCO2e in emissions. 
 

Table 1. The emission values resulting from the comparison of digital and physical fashion shows 
 

Emission Source Physical Fashion Show Digital Fashion Show 

Event and Meeting Transportation 152,7 kgCO2e 20,18 kgCO2e 

Catering Service 1.128,9 kgCO2e 80,63 kgCO2e 

Designed Garments 42 kgCO2e 0 

Blender and Render Electricity 
Consumption 

X 153,34 kgCO2e 

Total  1.323,6 kgCO2e 254,15 kgCO2e 

 
The collaboration at hand presents a mutual dynamic for us: the adaptation of the academic world 
to industrial needs and the inspiration drawn by industry from fresh academic perspectives. The 
creative skills and digital competencies acquired as a result of this collaborative effort prepare 
graduates for a rapidly evolving professional landscape. However, as this digital evolution unfolds, 
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preserving the artistic spirit of fashion becomes imperative. Balancing technological progress with 
the artistry of industry plays a significant role in defining the identity of the field. Achieving this 
equilibrium within a digital transformation will serve as a testament to the enduring essence of this 
transformation. 
 
In summary, this collaboration highlights how digitalization and sustainability intertwine within 
the narrative of fashion. It offers us a path where innovation, responsibility, and creativity 
converge, shaping the future while embracing the potential of technology, all while respecting the 
heritage of the past. 
 
4. CONCLUSION 
 
The collaboration between the academic world and the industry has yielded outcomes that 
illuminate the process of reshaping fashion education and industry practices through digitization 
and sustainability. The combination of powerful digital tools such as CLO3D and Blender has 
enabled fashion design students to transcend traditional boundaries and create a digital fashion 
show. Through this fashion show, students have become prepared to work in contemporary 
professional life with technological finesse while also embodying a sustainable and creative 
approach. The prepared digital fashion showcase redefines fashion presentation, serving as a 
symbol of sensitivity to the fashion industry. The adoption of virtual exhibitions is of vital 
importance as it demonstrates compatibility with sustainability and innovation, contributing to the 
reduction of consumption habits and carbon footprint. 
 
In summary, the findings of the study emphasize the vital role of sustainability, innovation, 
responsibility, and artistic originality in shaping the future of the textile and fashion context. It 
furthermore shows that it could be possible to reduce environmental negative impacts of fashion 
industry by integrating human creativity and digital innovation while maintaining aesthetic value 
and artistic authenticity and to steer the fashion world towards a more sustainable and ethical path 
for future generations.  
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ABSTRACT  
This paper investigates the efficiency of an in-house fabric waste recycling line to recycle the pre-consumer denim 
fabric wastes. The results gave satisfying performances in OE spinning with recycled cotton fibers; so it was possible 
to contribute an sustainable process example in denim industry.      
 
Keyword: Denim, recycling, OE yarn 
 
1. INTRODUCTION 
 
Denim is a type of cotton woven fabric which is characterized by thick, indigo dyed warp yarns, 
ecru weft yarns, high sett, weight and abrasion resistance. The global denim market was valued at 
around 70 Billion USD in 2021 and expected to reach a value of around 107 Billion USD in 2023. 
This huge market resulted with sustainable process applications. Denim industry has various 
sustainable process approaches to reduce water consumption, environmental-friendly chemical 
and dye usage, to reduce the air pollution during production and recycling of wastes [1-3]. Since 
denim fabrics have quite higher weight, tensile and tearing strength compared to non-denim 
fabrics, conventional fabric waste recycle lines have difficulty to obtain good quality recycled 
cotton fibers at final.  
 
This study includes the utilisation of an in-house fabric waste recycling line. Pre-consumer denim 
apparel wastes are subjected to recycling by that in-house line for the very first time and recycled 
fibers are than characterized by means of the HVI along with virgin cotton fibers. Than, Ne 10 
virgin : recycled cotton (from spinning and denim wastes separately) 80:20 blend OE yarns were 
produced. The produced yarns were used as weft in denim fabric sample production; the standard 
quality control tests were applied to the samples. The results showed that the proposed line would 
be successfully used to recycle denim fabric wastes to produce OE yarns and denim fabrics at 
industrial scale. 
 
2. MATERIALS AND METHODS 
 
Denim apparel line wastes (%100 cotton) were collected in Baykan Denim facilities (Malatya / 
Turkiye) and subjected to physical recycling by fabric waste recycling line. The line is in-house 
designed by Erbağcı Recycling (Gaziantep / Turkiye) with higher number of pulling stations and 
different garneting wire cross-section than conventional lines. The recycled fibers are as given in 
Figure 1.  
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Figure 1. Recycled cotton fibers from denim fabric wastes 
 
The fiber samples were characterized by the means of HVI and the average of the analysis results 
are given in Table 1. Table 1 shows that in-house recycling line obtained white, short staple (good 
enough for spinning), clean, mature fibers with moderate fineness, and average strength. 
 

Table 1. HVI results of the fibers obtained 
 

 SCI Mic Length 
(inch) 

Maturity 
(%) 

Strength 
(g/tex) 

Elongation 
(%) 

Rd b Trash Area 
(%) 

Mean 69 4,3 0,83 86 27,7 5,8 91,8 3,3 0,04 
CV % 9,6 1,7 1 0,7 2,2 12,3 0,4 7,6 19,9 

 
The fibers were used to produce Ne 10/1 OE yarn with 80:20 virgin : recycled fiber blend. For 
comparison, identical yarn was also produced including recycled fiber from yarn wastes in 
conventional process (standard recycled yarn). The mechanical properties were tested by the 
USTER and the results are given in Table 2. Table 2 showed that OE yarn with denim waste 
recycled fibers showed similar mechanical properties with standard recycled yarn. 
 
Finally, denim fabric sample with 28 x 20 sett, 14 oz, was produced utilizing denim recycled yarn 
as weft and subjected to stone wash in Baykan Denim. The mechanical test results      (Table 3) 
showed that denim fabric sample met almost all of the quality control limits of Baykan Denim; 
shrinkage after washing in weft direction was higher than limits as always observed in recycled 
yarn processing.   

 
Table 2. Mechanical properties of yarn samples 
 Denim waste Standard recycled yarn 

Yarn Count (Ne) 10,19 10,10 
Twist (TPM) 537 (αe:4,27) 532 (αe:4,27) 

U % 13,0 13,7 
U% CV 16,60 17,40 

-30 2410 2655 
-40 233 218 
-50 11 3 
-60 0 1 
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+35 1490 1214 
+50 395 267 
+70 74 31 
+100 13 5 
Neps 148 49 

Hairiness Index 9,13 9,35 
Elongation % 6,57 6,37 
Elongation CV 6,47 8,25 

Tensile strength Cn/Tex 15.43 15.97 
Tensile strength CV 8,4 7,35 

 
Table 3. Mechanical properties of denim sample 

Mechanical Property 
Average 

Value 

Control / Acceptance Limit of 
Baykan Denim 

Minimum Maximum 

Weight (g/m2)  (ASTM D 3776) 396.00 390.0 430.0 

Elongation (%) (ASTM D3107) 13.20 9.0 13.0 

Crocking fastness (Dry) (TS 423-2 EN 20105-A02) 4.50 3.0 - 

Crocking fastness (Wet) (TS 423-2 EN 20105-A02) 2.00 1.5 - 

Width (cm) (ASTM D 3774) 137.00 147.0 152.0 

Width after wash (cm) (ASTM D 3774) 99.00 143.0 - 

Weight after wash (g/m2) (ASTM D 3776) 545.00 385.0 425.0 

Tearing strength – Warp (N) (ASTM D1424) 8733.33 4300.0 - 

Tearing strength – Weft (N) (ASTM D1424) 4396.66 3300.0 - 

Tensile strength – Warp (N) (ASTM D1424) 91.23 65.0 - 

Tensile strength – Weft (N) (ASTM D1424) 38.10 40.0 - 

Shrinkage Weft (%) (TS EN ISO 5077) -3.93 -1.0 -4.0 

Shrinkage Warp (%) (TS EN ISO 5077) -29.00 -2.0 -5.0 

Skewness (%) (AATCC TM 179) -1.00 -3.0 3.0 

pH (TS EN ISO 3071) 6.00 5.0 7.5 

Growth (%) (A-3LB)3HL (ASTM-D )3107 11.20 - - 

 
3. RESULTS AND DISCUSSIONS 
 
This study investigates the efficiency of utilizing an in-house fabric recycling line for denim fabric 
wastes. As known, the fibers obtained by the conventional recycling lines are shorter than needed 
to be processed in spinning.  We showed that with the proposed line, it is possible to process denim 
fabric wastes from OE spinning to weaving / dying and washing process successfully.  
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ABSTRACT 
 
The aim of this study is to produce multifunctional cotton woven fabric having water, oil and stain repellency 
properties by using different chemicals with coating method. In the scope of the study, the different chemicals with 
coating method were applied to 100% cotton fabrics. After the applications, the tests and analyzes of the untreated 
and treated fabrics were performed. The water repellency, oil repellency, stain repellency, contact angle, circular 
bending rigidity, air permeability, surface roughness, and tear strength test results were evaluated.    
 
Key Words: Cotton, TiO2, SiO2 nano powder, water, oil and stain repellency, contact angle 
 
1. INTRODUCTION 
Nowadays, the design and production of multifunctional textiles and high added value products 
have started to gain importance with the changes in the textile industry. In this way, the market 
shares of multifunctional textiles with different and functional properties are increasing compared 
to conventional textiles. The mostly required properties of the textile materials are water, oil and 
stain repellency. 
 
The basis of the water repellency process is to create a water-repellent layer on the surface of the 
yarns with chemicals having a long-chain water-repellent group by reducing the surface tension of 
the fabric against water. Cotton fibers have a hydrophilic structure to a greater or lesser extent. 
Since the water repellency process creates a water-repellent layer only on the surface of the yarns, 
the internal structure and pore structure of the fabric are not adversely affected in any way and 
remain the same [1]. As the structure of the dirt and the way it affects and adheres to the textile 
surface are very different, it is very difficult to obtain effective results for all dirts with a single 
treatment on dirt repellency. However, mainly dry and wet staining forms can be mentioned. In 
dry staining, it can be in the form of filtering all kinds of dust and pollutant particles by textiles 
(curtain), collapsing on it (upholstery) or attracting pollutants by electrostatic charge (synthetics). 
In wet soiling, wet dirt or oily, watery dirt are poured directly on textile and contaminates it. By 
applying stain repellency treatments to the fabrics, the textile materials are protected from getting 
dirty quickly during usage [1].  
 
The superhydrophobicity on the cotton fabric can be achieved by constituting nano or micro 
roughness structures on the surface of the fabric with low surface energy materials by using 
different micro and nano particles such as SiO2, ZnO, TiO2, Ag2O, CuO, fluoroalkyl silane and, 
polymers [2,3]. Silicon dioxide (SiO2) is an inorganic material widely used in various fields, 
including nanocomposites, because of its unique properties. It is also used as construction 
materials, ceramics, textile coating materials, drugs, adsorbents, ion exchangers and catalysts [4]. 
TiO2 has characteristics such as sound insulation, good mechanical properties, thermal and 
chemical stability and TiO2 compounds are used in various fields such as electronics, biomedical, 
optics, dermatological and photocatalytic. TiO2 is applied to fabrics by coating technique, sol-gel 
process and chemical deposition method [5].  TiO2 nano particles are used in processes such as 
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self-cleaning, UV protection, flame retardancy, antibacterial activity, especially of cotton and wool 
fabrics [6]. 
 
Lamination and coating are techniques applied to add functional properties to fabrics used in 
technical textile production and to increase their usage fields such as agricultural textiles, medical 
textiles and protective clothing. The functional properties of these fabrics may vary depending on 
the coating material used, the production technique applied, and the structure characteristic of the 
textile surface [7]. 
 
The aim of this study is to produce multifunctional 100% cotton woven fabrics by applying water, 
oil and stain repellency treatments. TiO2 and SiO2 nano powders [8] in different blended ratios, 
such as 100/0, 70/30, 50/50, 30/70, 0/100% were applied to cotton woven fabrics by coating 
method.  
 
2. EXPERIMENTAL 
 
2.1 Material 
In the experiments, used 100% pre-treated cotton plain woven fabric was supplied from Batı 
Basma Company (In Turkey). The physical properties of the cotton fabric are given in Table 1. 
  

Table 1. The physical properties of the cotton fabric 
 

Weave construction Plain  
Square mass (g/m2) 260 
Yarn count (Nm)  Warp: 18.6 Weft: 18.4 
Yarn density (threads/cm) Warp: 22 Weft: 20 

Breaking strength (N) Warp: 692.7 Weft: 644.2 

 
2.2 Method 
In the study, water, oil and stain repellent multifunctional fabrics were produced with different 
chemicals by using coating method. The coating applications were carried out as one layer by 
using Mathis AG laboratory type coating machine. After the applications, drying and fixation were 
done in Ataç GK 40 brand laboratory type stenter. 
 
Table 2 indicates the recipes of the coating applications. Since the best results were obtained with 
the recipe having the ratio of TiO2/SiO2 was 30/70, subsequent trials with this ratio was made by 
also adding fixator and fluorocarbon (Fabric 6,7,8), as given in Table 3. 
 

Table 2. The recipes of the coating applications (Fabric 1-5) 

Chemical type 
TiO2/ SiO2 ratio 

Unit 100/0 70/30 50/50 30/70 0/100 
Fabric 1 Fabric 2 Fabric 3 Fabric 4 Fabric 5 

Synthetic thickener  15 15 15 15 15 g/kg 
Binder 150 150 150 150 150 g/kg 
TiO2 10 7 5 3 0 g/kg 
SiO2 0 3 5 7 10 g/kg 
Ethanol 330 165 165 165 165 g/kg 
HCl - 165 165 165 165 g/kg 
Water  X X X X X g/kg 
Total  1000 g 1000 g 1000 g 1000 g 1000 g  
Coating → Drying (80°C-10 min.) → Fixation (150°C-5 min.) 
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Table 3. The recipes of the coating applications (Fabric 6,7,8) 
 

Chemical type 
TiO2/ SiO2 ratio 

Unit 30/70 30/70 30/70 
Fabric 6 Fabric 7 Fabric 8 

Synthetic thickener  15 15 15 g/kg 
Binder 100 100 100 g/kg 
TiO2 6 9 12 g/kg 
SiO2 14 21 28 g/kg 
Fixator 10 10 10 g/kg 
Fluorocarbon 20 20 20 g/kg 
Ethanol 330 330 330 g/kg 
HCl 165 165 165 g/kg 
Water  X X X g/kg 
Total 1000 g 1000 g 1000 g  
Coating → Drying (80°C-10 min.) → Fixation (150°C-5 min.) 

 
2.3 Tests 
 
After the applications, according to standard test methods various physical and chemical tests such 
as, water, oil, stain repellency, contact angle, circular bending rigidity, air permeability, surface 
roughness, and tear strength tests of the untreated and treated fabrics were carried out [9-15] (Table 
4). Before the tests, the fabrics were conditioned under standard atmospheric conditions at 20±2ºC 
temperature and 65±4% relative humidity in laboratory. 
 

Table 4. The physical and chemical tests applied to the fabrics 
Test  Standard 
Water stain repellency AATCC TM 22 
Oil repellency AATCC TM 118 
Stain repellency AATCC TM 130 
Contact angle In house test 
Circular bending rigidity ASTM D 4032-08  
Air permeability  TS 391 EN ISO 9237 
Surface roughness JIS B 0601 
Tear strength TS EN ISO 13937-1 

 
3. RESULTS AND DISCUSSIONS 
 
3.1 Evaluation of Water and Oil Repellency Test 
 
In Table 5, the results of water and oil repellency tests of the untreated and treated fabrics are 
given. The best water repellency value was obtained with Fabric 1 and Fabric 2, while the lowest 
water repellency value was observed in Fabric 3 and Fabric 6. While the best oil repellency value 
was obtained with Fabric 6, 7 and 8, there was no oil repellency features of other fabrics. 

 

Table 5. The water and oil repellency test results 

Fabric code Water repellency value Oil repellency value 
UT 0 0 

Fabric 1 80 0 
Fabric 2 80 0 
Fabric 3 50 0 
Fabric 4 75 0 
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Fabric 5 75 0 
Fabric 6 50 4 
Fabric 7 60 4 
Fabric 8 60 4 

 
3.2 Evaluation of Stain Repellency Test 
 
In Table 6, the stain repellency test results of the untreated and treated fabrics are given. For tea 
stain, after 1 washing the best results were obtained with Fabric 6 and Fabric 8, while the worst 
results were achieved with the untreated, Fabric 1 and Fabric 2. After 5 washings, the best result 
was observed with Fabric 8, however the worst results were detected in Fabric 2 and 3. For coffee 
stain, after 1 washing the best result was found in Fabric 8, while the worst results were obtained 
with untreated fabric and Fabric 6. After 5 washings, the best results were found in Fabric 5 and 
Fabric 8, while the worst results were observed in the untreated fabric, Fabric 1 and Fabric 3. In 
terms of wine stain, after 1 washing the best results were found in the untreated fabric, Fabric 2 
and Fabric 3, while the worst results were obtained with Fabric 6 and 7. After 5 washings, the best 
result was found in Fabric 1, while the worst result were obtained with Fabric 4, 6 and 7.  

Table 6. The stain repellency test results of the untreated and treated fabrics  

Fabric code Tea stain Coffee stain  Wine stain  
1 washing 5 washings 1 washing 5 washings 1 washing 5 washings 

UT 1.00 3.13 1.00 2.25 3.25 2.25 
Fabric 1 2.13 1.83 2.88 2.25 2.88 2.63 
Fabric 2 2.00 1.50 3.75 2.75 3.25 2.13 
Fabric 3 2.25 1.67 2.00 2.00 3.00 2.13 
Fabric 4 2.50 2.17 3.50 3.38 2.13 1.00 
Fabric 5 3.63 2.33 4.25 4.75 2.63 2.25 
Fabric 6 4.25 3.5 1.5 3.625 1.5 1.00 
Fabric 7 3.125 3.5 1.625 4.25 1.25 1.00 
Fabric 8 4.25 4.5 4.75 4.625 2.375 2.25 

 
3.3 Evaluation of Contact Angle Test 
 
In Table 7, the contact angle values of the untreated and treated fabrics are given. In the contact 
angle measurement, the highest angle values were obtained with Fabric 1, 2 and 3, while the lowest 
angle value was observed in the untreated fabric. Therefore, it can be stated that the coating 
applications were successful. Figure 1 shows the images of the drops falling on the fabric surface 
during the contact angle test. In Fabric 1, 2 and 3, the drops appear to be more spherical and not 
spreading compared to the others. 
 

Table 7. The contact angle values of the untreated and treated fabrics 
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Figure 1. The images of the drops on fabrics  

 

3.4 Evaluation of Circular Bending Rigidity Test 
 
For the evaluation of the treatment effects on the handle characteristics of the fabrics, the circular 
bending rigidity values of the untreated and treated fabrics were measured, as given in Figure 2. 
The lowest circular bending rigidity values were obtained with Fabric 2 and 3, the highest circular 
bending rigidity values were obtained with Fabric 7 and 8. The stiffest fabrics among the coated 
fabrics were Fabric 7 and 8 due to the application recipes of these fabrics containing fixator and 
fluorocarbon. The higher the circular bending rigidity means the stiffer the fabric, so the coating 
process did not cause significant effect in terms of handle except Fabric 7 and Fabric 8. 
 

 
 

Figure 2. The circular bending rigidity values 
 
3.5 Evaluation of Air Permeability Test 
 
In Figure 3, the air permeability values of the untreated and treated fabrics are given. The air 
permeability values of all coated fabrics decreased much more than that of the untreated fabric due 
to filling of the pores inside the fabrics after coating applications. Among the treated fabrics, the 
air permeability values of Fabric 3 and Fabric 6 were slightly higher than the others.  
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Figure 3. The air permeability values 

 
3.6 Evaluation of Surface Roughness Test 
In Figure 4, the surface roughness values of the untreated and treated fabrics are given. According 
to the results, it can be stated that the coating application did not cause significant effect on the 
surface roughness of the fabrics, except for Fabric 7 and 8.  
 

 
 

Figure 4. The surface roughness values  
 
3.7 Evaluation of Tear Strength Test 
Figure 5 indicates the tear strength values of the untreated and treated fabrics. The coating 
applications caused decreases in the tear strength values of the fabrics. When the treated fabrics 
were compared with each other, there were not notably differences. The fabric with the highest 
strength was Fabric 8, whereas the lowest tear strength values were observed with Fabric 1, 2 and 
4.  

 
 

Figure 5. The tear strength values  
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4. CONCLUSIONS  

As a result, Fabric 1 and 2 have the best results in terms of water repellency and contact angle. The 
concentration of TiO2 used in these fabrics were higher than that of the other fabrics and this 
resulted in better water repellency characteristic. On the other hand, in terms of oil repellency, 
stain repellency and tear strength, Fabric 8 has the best results, because the concentration of TiO2 

and SiO2 used in this fabric were higher than that of the other fabrics. Therefore, Fabric 8 provided 
the highest multifunctional performance among the coated fabrics, however the recipe of this fabric 
caused negatively the handle property of the cotton fabric. Since the multifunctional characteristics 
is required much more for the technical fabrics, Fabric 8 can be suggested especially for the 
outwear, upholstery, tent fabrics. 
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ABSTRACT 
 
The use of natural fibers in the clothing industry has a long history. Natural fibers used within the scope of 
sustainability and circular economy; wool, silk, cotton, linen, jute, ramie, nettle, kapok etc. can be listed as. Nettle, 
one of the cellulosic fiber groups, has been used in many fields (medical, food, cosmetics, medicine and textile etc.) 
throughout history. Fabrics produced from nettle yarn provide well insulation due to the hollow structure of the 
characteristic cross-section of the fiber, while at the same time showing breathability.  In the study, it is aimed to 
reveal the advantages of nettle-based woven fabrics, which are more environmentally friendly and have superior 
comfort properties, as an alternative to cotton and linen-containing woven fabrics, which are mainly used in women's 
upper clothing products. Within the scope of the study, the whiteness index, tear strength, color yield and 
hydrophilicity properties of cotton, cotton/linen and cotton/nettle blended woven fabrics were analyzed comparatively. 
Experiment plan was designed according to the L9 standard orthogonal array for three parameters (sodium hydroxide, 
hydrogen peroxide and weft yarn type) each with three different levels. When all the results are evaluated in general, 
it is concluded that cotton fiber provides a better whiteness index than nettle, while cotton/nettle blended fabrics are 
more durable. It has been determined that the color yield of the linen fiber blended fabric in medium-dark colors is 
better. Thanks to the applied method, time and cost savings were achieved. 
 
Key Words: Nettle, bleaching, taguchi method, CIE whiteness, tear strength 
 
1. INTRODUCTION  
 
Textile fibers are classified as natural fibers and artificial fibers. Natural fibers are obtained from 
plants or animals, and artificial fibers are obtained from synthetic raw materials. Nettle, one of 
the cellulosic fiber groups, has been used in many fields (medical, food, cosmetics, medicine and 
textile etc.) throughout history. Nettle fiber, which is also a stalk fiber, is foreseen as an alternative 
to flax and cotton. Thanks to 17% high quality fibers, the nettle plant has a better strength value 
than other natural fiber types such as cotton and linen [1,2]. At the same time, nettle fiber has a 
high moisture absorption capacity. The fiber cross-section consists of its own characteristic 
hollow structure and thanks to this structure, it creates a natural air conditioning effect [3]. In 
order to keep cool in the summer months, the yarns are twisted to close the gaps in the center of 
the fiber and the insulation is reduced. In winter months, the hollow structure should be preserved 
by giving lower twist and the temperature should be kept constant. According to SEM images, the 
cross-section of the nettle plant has a more curved and hollow structure than the linen fiber (Figure 
1). 
 
Nettle fibers are naturally biodegradable, consist of renewable resources, and provide an 
ecological advantage because they require less energy in their production. With the need for 
sustainable natural resources, interest in the use of nettle is increasing. At the same time, the 
negative effects of excessive water consumption and pesticides used in cotton production have 
increased the demand for nettle fibers [4-7]. On the other hand, the nettle plant, which is widely 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

116 
 

grown in the Black Sea Region in our country, also creates a potential for domestic nettle yarn 
production [8]. 
 

         
(a) Cotton/Nettle                               (b) Cotton/Linen                                      (c) Cotton 

 
Figure 1. Yarn cross-sectional SEM images (a) Cotton/Nettle, (b) Cotton/Linen, (c) Cotton 

 
According to the latest studies, Samanta et al. investigated the applications of nettle fiber in textile. 
It has been stated that there are limiting factors such as the suitability of harvesting technology 
for fiber production and the lack of large-scale fiber production, but the efforts made to produce 
yarn from 100% nettle fiber or blending various fibers have been successful [4]. 
 
In another study Samanta et al. investigated the physical, mechanical, chemical, thermal and 
morphological properties of fibers produced from the Himalayan nettle plant. At the same time, 
blended yarns were produced by blending viscose fiber in different proportions. The properties of 
woven fabrics produced by using the produced yarns in the weft were examined. The fineness of 
the obtained nettle fiber was determined to be 2.2–2.4 tex, its strength was 10–16 cN/tex and its 
elongation was 3%. Blended yarns were produced by blending the obtained nettle fiber and 
viscose fiber in the ratios of 100/0, 75/25, 50/50 and 25/75. Woven fabrics were produced using 
cotton yarn in the warp and nettle-containing yarns in the weft. As a result of the study, 
biodegradable fashionable clothing fabrics were produced. It can be said that the nettle plant is a 
potential yet untapped source for fiber extraction and application in clothing textiles [9]. 
 
Prasad et.al investigated the physical and mechanical properties of different natural fibers (such 
as hemp, nettle) reinforced polyester resin composite materials. Its physical characteristics were 
revealed by morphological analysis. Mechanical properties (hardness, tensile, bending and impact 
resistance) and scanning electron microscopy have been used to test composite surfaces. As a 
result of the study, it was seen that higher mechanical properties that can be used in many 
applications were obtained by using innovative natural fibers such as hemp and nettle instead of 
classical natural fibers [10]. 
 
Başaran and Bekiroğlu investigated that open-end and ring yarn were produced by blending nettle 
fiber obtained from the nettle plant and cotton fiber in different combination. Knitted fabric was 
produced with the ring yarn produced and it was stated that a softer and more elastic surface was 
obtained than the woven fabric. As a result of the study, it was seen that as the nettle ratio 
increased, the strength decreased compared to other plant fibers, and it was stated that it could be 
suitable for use in areas where high strength is not desired, such as bandages in the healthcare 
field [11]. 
 
Şansal investigated that surface modification was carried out on nettle threads with different 
concentrations of sodium hydroxide and acetic acid using conventional, ultrasonic and microwave 
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methods. In general, it has been determined that ultrasonic and microwave surface treatments are 
more effective than conventional treatments [12]. 
 
Bodros and Baley investigated that the mechanical performance of nettle fibers as polymer 
reinforcement was compared with flax and other lignocellulosic-based fibers. Environmentally 
friendly nettle fiber has been found to be a harder composite material than glass fiber. It has been 
revealed that lightweight lignocellulosic-based fibers (nettle, flax, etc.) can be an alternative to 
glass fiber as high-performance reinforcing materials [13]. 
 
As a result of all the studies in the literature, it can be said that better results can be achieved by 
using nettle fiber in mixture with other natural-based fibers in terms of its mechanical properties 
(fineness, length and strength) [1]. 
 
In addition to the development of environmentally friendly, sustainable product/process designs 
in the textile industry, increasing costs as a result of repeated trials also emerge as an important 
factor. The Taguchi method, which is based on orthogonal arrays developed to optimize design 
processes in terms of performance, quality and cost, is used in textiles, chemical machinery, etc. 
The aim is to optimize the controllable factors (material, production method, etc.) by minimizing 
the effect of the uncontrollable ones (ambient temperature, humidity, machine wear, etc.) for the 
factors that cause variability in the product/process. Orthogonal arrays suggest simultaneous 
change of selected factor levels instead of changing them one by one, thus making it possible to 
reach results with fewer experiments. However, since this method does not produce a 
mathematical equation, it provides close to optimum results by finding the best combination of 
the determined levels. In this method, where all factors are included in the experimental plan at 
equal levels, the most commonly used 3-level indexes are L9, L18 and L27. The test outputs 
resulting from the application are evaluated by converting them into Signal/Noise (S/N) ratios 
such that the minimum value is the best, the nominal value is the best, and the maximum value is 
the best [14-17]. 
 
In this study, it was aimed to determine the optimum bleaching conditions for desized cotton, 
cotton/linen and cotton/nettle fabrics. Taguchi method was used to reveal the superiority of the 
samples in terms of whiteness degree, color yield, hydrophilicity and tear strength (weft and warp 
direction). The experiment was designed according to the L9 standard orthogonal array for three 
parameters (sodium hydroxide concentration, hydrogen peroxide concentration and weft yarn 
type), each with three different levels. The optimum conditions obtained as a result of the analysis 
were tested and verified. Thus, while 27 (33) experiments were required to be carried out in the 
full factorial design for three factors and three levels, the results were achieved with 9 experiments 
using the Taguchi method, saving time and cost. 
 
2. EXPERIMENTAL  
 
In the study, 100% cotton, 79% cotton 21% linen and 81% cotton 19% nettle based woven 
fabrics were used. Fabric properties are given in Table 1. 
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Table 1. Fabric information 
 

Number 1 2 3 
Composition 100% Cotton 79% Cotton %21 Linen 81% Cotton 19% Nettle 
Warp Yarn Ne 50/1 Cotton Compact 
Weft Yarn Ne 30/1 Cotton OE BCI Ne 24/1 Cotton/Linen (70/30) 50 Nm Cotton/Nettle 

(70/30) 
Warp Density 28 thread/cm 
Weft Density 30 pick/cm 
Weave Type Twill 2/1 
Weight 105 g/m2 125 g/m2 105 g/m2 

 
All fabrics used in the study were desized before bleaching. In order to determine the bleaching 
process conditions that provide the best performance properties, the experimental set was created 
by using the Taguchi Method instead of trying all combinations of the selected parameters. Within 
the scope of the study, experiments were designed according to the L9 standard orthogonal array 
for three parameters (sodium hydroxide, hydrogen peroxide and weft yarn type) each with three 
different levels. The factors and levels used in the design phase are given in Table 1. 
 

Table 2. Factor levels 
 

Parameter / Level 1.Level 2.Level 3.Level 
A (Sodium Hydroxide g/L) 1 3 5 
B (Hydrogen Peroxide g/L) 1 3 5 
C (Weft Yarn Type) Nettle Cotton Linen 

  
The experimental plan designed for the L9 orthogonal array based on the Taguchi method is 
presented in Table 3. 

Table 3. Experiment plan 
 

Experiment Number A B C 
1 1 1 Nettle 
2 1 3 Cotton 
3 1 5 Linen 
4 3 1 Cotton 
5 3 3 Linen 
6 3 5 Nettle 
7 5 1 Linen 
8 5 3 Nettle 
9 5 5 Cotton 

 
For color yield (K/S) measurement, all fabrics dyed in khaki color with 0.72 % color strength (17-
0618 TCX) with reactive dyestuffs with bifunctional groups. Whiteness index and color yield 
(K/S) measurements of bleached fabrics were made in SI mode on a Datacolour SF600 Plus-CT 
spectrophotometer with a 6.6 mm observation plate. 
 
The tear strength of the fabrics in the weft and warp directions was tested according to TS EN ISO 
13937-2, and the capillarity values were tested according to the DIN 53924 standard. 
 
Optimum process conditions for the test results were determined according to the Taguchi method. 
The prediction performance of the model was measured with verification experiments carried out 
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under these process conditions. Minitab 2023 trial version was used to implement the Taguchi 
method. 
 
3. RESULTS AND DISCUSSION 

The whiteness degree, color yield (K/S) and hydrophilicity test results of the bleached fabrics 
according to the experimental plan are given in Table 4.  

Table 4. CIE whiteness, color yield and hydrophility test result 
 

Experiment 
Number 

CIE Whiteness (0-100) Color Yield (K/S) Capillarity (cm) 
Experiment Prediction Experiment Prediction Experiment Prediction 

1 31.44 33.75 2.68 2.50 8.83 8.74 
2 44.57 44.52 2.58 2.64 11.77 11.55 
3 42.47 40.20 2.31 2.43 9.93 10.23 
4 46.17 43.90 2.27 2.39 11.60 11.90 
5 46.69 49.00 2.75 2.57 10.87 10.78 
6 42.69 42.64 2.20 2.26 9.40 9.18 
7 40.82 40.77 2.20 2.26 12.30 12.08 
8 46.11 43.84 2.22 2.34 10.40 10.70 
9 42.88 45.19 2.27 2.09 13.40 13.31 

 
For all test results given in Table 4, when the experimentally obtained values were compared with 
the predicted ones, it was seen that the results confirmed each other.  

 

  
                    (a) Main effects plot for means                                      (b) Main effects plot for S/N ratios  

 
Figure 1. Mean and S/N ratio results for CIE Whiteness values 

 
When the S/N ratio graph of the CIE Whiteness measurement results given in Figure 1 is 
evaluated, it is seen that the sample with the optimum whiteness degree can be obtained as a result 
of bleaching using in the weft yarn cotton, 3g/L sodium hydroxide and 3g/L hydrogen peroxide 
(A2B2C2). The estimated whiteness degree for the A2B2C2 optimum level was found to be 50.21. 
The whiteness degree obtained as a result of the verification test was measured as 50. 
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                       (a) Main effects plot for means                                     (b) Main effects plot for S/N ratios 

 
Figure 4. Mean and S/N ratio results for K/S values 

 
It was given in Figure 4 that the S/N ratio graph of the color yield (K/S) of fabrics dyed in khaki 
color with 0.72 % color strength. When the graphs are examined, it is seen that the sample with 
the maximum color yield (2.69) was obtained by using in the weft linen and bleaching with 1g/L 
sodium hydroxide and 3 g/L hydrogen peroxide (A1B2C3). In the verification experiment, the K/S 
ratio was determined to be 2.683. 
 

  
              (a) Main effects plot for means                   (b) Main effects plot for S/N ratios 

 
Figure 5. Mean and S/N ratio results for capillarity values 

 
When the S/N ratio graph of the capillarity values given in Figure 5 was interpreted, it was 
determined that the experimental plan that gave the best result (13.41 cm) was A3B2C2 (5g/L 
sodium hydroxide, 3 g/L hydrogen peroxide and weft yarn cotton). In the measurement made as 
a result of the verification experiment, the capillarity value was measured as 10.46 cm. As stated 
by Şansal, it has been observed that the hydrophilicity value increases with the increase in the 
amount of sodium hydroxide in bleaching nettle fibers [12]. 
 
The predicted and experimentally found warp and weft direction tear strength test results of the 
samples are given in Table 5. 
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Table 5. Warp and weft direction tear strength test result 
 

Experiment Number 
Tear Strength (N) 

Warp Direction Weft Direction 
Experiment Prediction Experiment Prediction 

1 19.99  20.07 0.01 0,62 

2 11.79  11.64 7.99  8.44 
3 14.77  14.83 19.17  18.10 
4 12.68  12.74 8.09  7.02 

5 13.33  13.41 15.38 15.99 
6 20.16  20.01 0.01 0.46 

7 12.31  12.16 14.71 15.16 
8 16.17  16.23 0.01 -1.05 
9 10.26  10.34 6.83  7.44 

 
When the results in Table 5 are examined, the tear strength test results in warp and weft directions 
and the results predicted from the model support each other. 
 

  
(a) Main effects plot for means                   (b) Main effects plot for S/N ratios 

 
Figure 2. Mean and S/N ratio results for Tear Strength (Warp) values 

 
When the graphs of the tear strength (tearing of the weft yarns) results in the warp direction are 
examined, the best results were obtained when nettle yarn, 1 g/L sodium hydroxide and 5g/L 
hydrogen peroxide (A1B3C1) were used in the weft. The tear strength was calculated as 20.14 N 
under A1B3C1 process conditions. The tear strength result in the warp direction of the experiment 
carried out under these conditions was determined as 25.95 N. The fact that the strength value 
obtained as a result of the experimental study is higher than the predicted result is thought to be 
due to the irregular structure of the nettle yarn and the irregularities on the woven fabric structure. 
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                (a) Main effects plot for means                   (b) Main effects plot for S/N ratios 

 
Figure 3. Mean and S/N ratio results for Tear Strength (Weft) values 

 
As seen in Figure 3, the highest value for tear strength in the weft direction (18.10 N) was obtained 
with 1 g/L sodium hydroxide, 5 g/L hydrogen peroxide and weft yarn linen (A1B3C3). The strength 
value obtained as a result of the test carried out under A1B3C3 conditions was measured as 15.18 
N. 
 
4. CONCLUSIONS  
 
In this study, it was aimed to optimize the bleaching processes of cotton, cotton/nettle and 
cotton/linen blended woven fabrics. Sodium hydroxide concentration, hydrogen peroxide 
concentration and the type of yarn used in the weft were determined as parameters affecting the 
process. The determined parameters consist of three levels. Instead of trying all combinations, the 
experimental set was created using the Taguchi method based on orthogonal arrays. Nine 
experiments designed according to the L9 orthogonal array consisting of three factors and three 
levels were carried out. According to the experimental plan, the degree of whiteness, hydrophilicity 
and tear strength (warp and weft direction) of the bleached fabrics were measured. Then, the fabrics 
were dyed in khaki color with bifunctional group dyes at 0.72% color strength. Color yield (K/S) 
values of the dyed fabrics were measured. S/N ratios giving the maximum value were calculated 
for all results. 
 
It was concluded that the amount of hydrogen peroxide is the most important parameter affecting 
the degree of whiteness. When the S/N chart was examined, it was determined that the maximum 
whiteness degree (50.21) was obtained after the bleaching process performed at A2B2C2 (3g/L 
sodium hydroxide, 3g/L hydrogen peroxide and weft yarn cotton) parameter levels. The result of 
the verification experiment (50) confirms the prediction performance of the model. 
 
According to capillarity values of the fabrics, it was seen that the most important parameter was 
the weft yarn type. According to the S/N ratios of the selected parameters, it was found that the 
sample with the highest capillarity (13.41 cm) could be obtained with the combination of A3B2C2 
(5g/L sodium hydroxide, 3 g/L hydrogen peroxide and weft yarn cotton) levels. The value obtained 
after the experimental study is 10.46 cm. 
 
According to warp and weft direction tear strength results, it was seen that the type of yarn used 
in the weft was the parameter that most affected the strength. Tear strength in the warp direction 
(tearing of weft yarns) gives the maximum value (20.14 N) at A1B3C1 (1 g/L sodium hydroxide, 5 
g/L hydrogen peroxide and weft thread nettle) levels. The tear strength of the test carried out under 
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these conditions is 25.95 N. In the weft direction, it was observed that the parameter levels that 
gave the maximum tear strength (18.10 N) were A1B3C3 (1 g/L sodium hydroxide, 5 g/L hydrogen 
peroxide and weft yarn linen). The value measured after the experimental study is 15.18 N. 
 
It was determined that the maximum color yield was 2.69 at parameter levels A1B2C3 (1 g/L 
sodium hydroxide, 5 g/L hydrogen peroxide and weft yarn linen). The color yield of the experiment 
carried out under these conditions was 2.683, which supports the result. 
 
At the end of the study all the results were evaluated in general, it was seen that cotton fabric had 
a higher degree of whiteness and hydrophilicity than linen and nettle blended fabrics. According 
to tear strength results, it was concluded that nettle based fabric was more durable than linen and 
cotton based fabrics. It has been determined that the concentration of sodium hydroxide and 
hydrogen peroxide, respectively, is very effective on the color yield in dyeing in medium and dark 
colors. When examined in terms of blending ratios, it was revealed that fabrics using cotton/linen 
yarn in the weft had higher color yield than using cotton and cotton/nettle. Using the Taguchi 
method, 18 fewer trials were performed compared to the full factorial design, saving approximately 
65% in time and cost. 
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ABSTRACT  
 
This study aims to evaluate environmental impacts of 100% virgin cotton and recycled cotton/virgin cotton blended 
fabrics. Environmental impacts were calculated with life cycle analysis in the raw material stage, yarn production and 
3-thread knitted fabric production stages. Based on the results of this study, it was observed that the environmental 
impacts was reduced in the fabrics containing recycled cotton fibres compared to those containing 100% virgin cotton 
fibre in all impact categories. The highest reduction rates of approximately 10-11% were determined in terrestrial 
ecotoxicity, total water use and freshwater ecotoxicity categories with the use of recycled fibre. 
 
Key Words: Life cycle analysis, virgin cotton, recycled cotton, environmental impact. 
 
1. INTRODUCTION  
 
The textile industry is one of the most important sectors that cause both natural resource 
consumption and significant environmental impacts [1,2]. Cotton, which is the most important 
natural fibre, is a renewable, biodegradable cellulosic fibre. Although the environmental 
perception of cotton is generally positive for consumers, significant environmental effects occur 
during its production stages. Main factors such as land use, chemical pesticides, synthetic fertilizer 
use, irrigation and mechanical harvesting in cotton production damage the environment [3,4]. In 
the yarn and fabric production stages, electric and heat energy are used in the machines for 
production and in air conditioners for air conditioning. Environmental impacts caused by fibre 
production are eliminated with the recycling of cotton. The environmental effects of textile 
production are calculated through life cycle analysis. Life cycle analysis is a scientific method used 
to measure and evaluate environmental impacts at all stages of a product, service or process from 
raw material to disposal [5]. There are different studies on life cycle assessment of textiles 
produced with virgin cotton and recycled cotton in the literature. Zhang et al. (2015), analyzed the 
life cycle of a cotton T-shirt and stated that most of the environmental impacts were caused by the 
use of water, fertilizers and pesticides in cotton cultivation and the energy consumption in the 
dyeing, finishing, apparel and usage processes [6]. Esteve-Turrillas and Guardia (2017), examined 
the life cycle analysis of T-shirts containing recycled cotton and virgin cotton. As a result of the 
study, it was found that the production of recycled cotton was the process creates the least 
environmental impact [7]. In the study conducted by Spathas (2017), life cycle analysis was made 
for 4 different recycling processes and the recycled yarns for each process caused less 
environmental impact in all environmental impact categories compared to virgin yarn samples [8]. 
Kazan et al. (2020), investigated life cycle analysis of cotton woven shirt production for 4 different 
scenarios in which virgin cotton and recovered cotton are used as raw materials. Their findings 
revealed that the use of virgin cotton caused the highest environmental impact and the use of 
recovered cotton led to significant decrease in different environmental impact categories [1]. The 
results of the study by Erayman Yüksel and Korkmaz (2023), showed that the usage of recycled 
cotton created less environmental impact than the usage of BCI cotton in many environmental 
impact categories [9]. The objective of this study to compare environmental impacts of 100% 
virgin cotton and recycled cotton/virgin cotton blended fabrics using life cycle analysis. 
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2. EXPERIMENTAL 
 
In this study, life cycle analysis was carried out with the input and output data for raw material 
stage, the yarn production and 3-thread knitted fabric production stages. For this purpose, Ne 30/1 
combed yarns from 100% virgin cotton fibres were used as face and binding yarns in the 
production of 3-thread knitted fabrics. As fleecy yarns, Ne 10/1 open-end yarns made of 100% 
virgin cotton and 50/50% virgin cotton/recycled cotton were used in conventional and recycled 
samples, respectively. Within the scope of the study, the yarns and fabrics produced for life cycle 
analysis are given in Table 1. All production parameters were kept constant in order to determine 
the effect of usage recycled fibre in the life cycle analysis.  
 

Table 1. Yarns and fabrics produced for life cycle analysis 
 

 Face yarn Fleecy yarn Binding yarn 

Fabrics Type 
Fibre 

content 
Type 

Fibre 
content 

Type 
Fibre 

content 

Conventional 
fabric 

Ne 30/1 
combed 

yarn 
%100 CO 

Ne 10/1 
open-end 

yarn 
%100 CO 

Ne 30/1 
combed 

yarn 
%100 CO 

Recycled 
fabric 

Ne 30/1 
combed 

yarn 
%100 CO 

10/1 
open-end 

yarn 

%50/50 CO/ 
recycled CO 

Ne 30/1 
combed 

yarn 
%100 CO 

 
In the first step of the life cycle analysis, the process flows and functional units of the products 
were determined. In the inventory analysis step, the inputs (raw materials, water, energy, 
chemicals, etc.) and outputs in each process were numerically determined. The inventory data was 
transferred to the SimaPro® life cycle software and environmental impacts were calculated with 
the CML-IA baseline method using Ecoinvent database for 12 different environmental impact 
categories (abiotic depletion, abiotic depletion (fossil fuels), global warming, ozone layer 
depletion, human toxicity, freshwater/marine/terrestrial ecotoxicity, photochemical oxidation, 
acidification, eutrophication and total water use). Process flows for yarn and fabric production are 
given in Table 2. 
 

Table 2. Process flows for yarn and fabric production  
 

Process Combed yarn Open-end yarn Knitting machine 
 
 
 
Machines 
 
 
 

Blowroom 
Carding 
Draw frame 
Combing 
Roving 
Ring spinning 
Winding 

Blowroom 
Carding 
Draw frame 
Open-end spinning 
 
 
 

Circular knitting machine  
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3. RESULTS AND DISCUSSION 
 
Characterization results for life cycle analysis are given in Table 3. Comparing the fabrics, it was 
observed that conventional fabrics containing 100% cotton fibres exhibited more environmental 
impact than fabrics produced using recycled cotton fibres in all impact categories. Since all 
parameters were constant except for the fibre type in the fabrics, it is thought that the main reason 
for the difference between the characterization results is the fibre type in the yarn production stage. 
These results are due to the high environmental impacts of conventional cotton fibre production. 
The environmental impacts from conventional cotton fibre production stage were reduced with 
usage of recycled cotton. The production and use of chemicals such as fertilizers, pesticides and 
insecticides in cotton fibre production, intensive irrigation conditions and energy use are the main 
factors that create environmental impacts. In addition, environmental effects occurred due to the 
electricity consumption of the machines used in the yarn and knitted fabric production process for 
both fabrics. 
 

Table 3. Life cycle analysis results of fabrics 
 

Impact category Unit 100% CO 50/50% CO/r-CO 
Abiotic depletion kg Sb eq 2,73E-05 2,46E-05 
Abiotic depletion (fossil fuels) MJ 98,971056 98,301692 
Global warming kg CO2 eq 8,7560663 8,5873993 
Ozone layer depletion kg CFC-11 eq 6,66E-07 6,11E-07 
Human toxicity kg 1,4-DB eq 3,6037374 3,4828989 
Freshwater ecotoxicity kg 1,4-DB eq 37,395932 33,516432 
Marine ecotoxicity kg 1,4-DB eq 10767,981 10681,171 
Terrestrial ecotoxicity kg 1,4-DB eq 2,6309395 2,3302293 
Photochemical oxidation kg C2H4 eq 0,002040353 0,00199325 
Acidification kg SO2 eq 0,061639266 0,05923159 
Eutrophication kg PO4--- eq 0,033680417 0,032304975 
Total water use m3 2,1171939 1,8768997 

 
The change (%) of the life cycle analysis values of the fabrics produced after the recycling process 
compared to the conventional fabric containing 100% cotton fibre are illustrated in Figure 1. 
According to these results, 3 impact categories that changed significantly with usage of recycled 
fibre were determined as terrestrial ecotoxicity, total water use and freshwater ecotoxicity. 
Approximately 10-11% reduction rates were observed in these categories for recycled fabric 
production stages compared to conventional fabric production stages. Fertilizers, pesticides and 
insecticides used in cotton fibre production cause emissions to soil and water, hence resulting 
decrease the biological diversity in the terrestrial and freshwater ecosystems. In addition, water 
use potential was found to be high due to intensive irrigation conditions in the cotton fibre 
production process. The usage of recycled fibres led to a reduction in all environmental impacts 
categories. The impact categories with the least difference (approximately 1%) were found to be 
abiotic consumption potential and marine ecotoxicity potential comparing recycled fabric 
production stages and conventional fabric production stages. These impact categories are 
associated with fossil fuel consumptions. 
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Figure 1. Change (%) of recycled sample compared to conventional sample 
 
4. CONCLUSIONS 
 
In this study, environmental impacts of two fabrics produced from virgin cotton and virgin 
cotton/recycled cotton compared with life cycle analysis. As a result, fabrics produced from 100% 
cotton fibre had more environmental impact than fabrics containing recycled cotton fibre in all 
impact categories due to due to the harmful effects of cotton production. As well as cotton 
production stage, the electrical energy consumed in yarn and knitted fabric production process in 
both fabrics has an important share in environmental impacts. 
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ABSTRACT 

 
Within the scope of the study, it is aimed to examine the laboratory-dyehouse harmony, which is one of the biggest 
problems in the business, and to minimize the difference. In addition, it is aimed to make the necessary corrections in 
order to reduce the trials made during the application of the recipes prepared by the laboratory and to prevent the time, 
labor and dye/chemical consumption lost in this process. For this purpose, dyeing processes were applied to a selected 
woven fabric containing viscose / cotton / elastane with different recipes in the laboratory and in the dyehouse, and 
evaluations were made by comparing the color values. The color difference has been tried to be minimized with the 
applied experiments. In the results of working; it has been observed that darker colors can be obtained by completely 
removing the caustic from the dyeing recipe in the laboratory and lowering the pH value. 

 
Keywords: Dyeing, laboratory dyeing, spectrophotometer, color difference, energy/labor/consumable saving. 

 
1. INTRODUCTION 
 
The part that has the greatest importance in terms of usage characteristics and added value of the 
products produced in the textile sector is the finishing department. Fabrics, which are one of the 
cornerstones of textile ready-to-wear products, consist of three stages, namely finishing processes 
in order to create a difference. Coloring from these stages is an important factor in the commercial 
success of textile products with high fashion content, especially apparel fabrics and home textile 
products. 
Parameters such as color, touch, pattern and cut are effective in the purchasing process of a product. 
One of the process steps in which these parameters are provided is the coloring process. The main 
purpose of coloring is to increase the appeal of the finished product and to achieve the desired 
color. Coloring is applied with two different methods as dyeing and printing, and dyeing processes 
are more widely used. 
In general, the following can be said about the dyeing process: 
 

• Fashion is important in terms of taste and appeal of the product. 
• Dyeing done with the desired standards and correct methods adds value to the product[1]. 
 

Cotton fiber is the fiber with the highest consumption rate in the global textile industry. Reactive, 
cube, direct, sulfur and azoic dyestuffs are widely used in dyeing cotton fiber. Due to their 
properties, reactive dyestuffs are the most common dyestuff class used for dyeing cotton products. 
 
Unlike other dyestuffs, reactive dyestuffs have the property of covalent bonding to the fiber by 
reacting with fiber macromolecules. In addition, since reactive dyes can be dyed at low 
temperatures, this class of dyestuffs has developed rapidly in a very short time (İçoğlu, 2006). 
  Reactive dyestuffs are dyestuffs used in dyeing products made of cellulosic fibers, which have 
the most common usage area, give desired fastnesses, have a wide color palette and a wide color 
gamut. However, chlorine fastness is low, there is a risk of hydrolysis of the reactive group in basic 
media, and water, energy consumption and time spent in washing processes after dyeing are high 
[2]. 
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The development of reactive dyestuffs, which have broad spectrum properties, brought about their 
transfer to textile materials in different ways. Reactive dyestuffs, which are preferred in the dyeing 
of cotton fabrics today, can be applied according to the impregnation and extraction method. While 
some reactive dyestuffs are only suitable for the impregnation method, some reactive dyes are 
suitable for the extraction method. Some reactive dyestuffs can be used in both impregnation and 
extraction methods. Considering that it is important to provide economy and desired fastness 
properties in dyeing, which method should be chosen for dyeing cotton fabrics with reactive 
dyestuffs is of great importance [3]. 
 
1.1. Reactive Dyes 

  
Dyeing with reactive dyestuff, which is one of the most preferred methods for dyeing cellulose-
based materials in the textile sector, is based on the formation of covalent bonds between –OH 
groups in cellulose macromolecules and reactive groups in dyestuff under appropriate conditions. 
Therefore, in the structure of reactive dyestuffs, there should be a reactive part that can react with 
the hydroxyl groups in cellulose, a chromophore part that gives the color, a bridge between the 
two parts, and groups that provide water solubility (Figure 1) due to the fact that the dyeing takes 
place in an aqueous medium [4]. 

 
Figure 1. Schematic Structure of Reactive Dyes [5] 

 
In principle, the dyeing process consists of 3-4 steps, whether the dyeing process is done with dyes 
that can be dyed cold or hot according to the shrinkage method with reactive dyestuffs. These 
stages are; It can be listed as uptake of the dyestuff by the fibers (migration step), the reaction of 
the dyestuff with the fiber (fixing step), the removal of the dyestuff part that has been hydrolyzed 
and not fixed to the fiber from the product (washing step). 

 
During dyeing with reactive dyestuffs, the reactive group of the dyestuff is hydrolyzed by reacting 
not only with the hydroxyl groups of cellulose macromolecules, but also with the hydroxyl groups 
of water. The hydrolyzed dyestuff loses its ability to react with the fiber, resulting in a decrease in 
dyeing efficiency. In addition, they cause a decrease in wet fastness due to their mechanical 
bonding to the fibers. It is not possible to completely prevent hydrolysis. However, measures can 
be taken to reduce it. 
 
1.2.Dyeing by Impregnation Method 
  
According to the impregnation method, dyeing begins with the product being passed through the 
dye liquor and squeezed through the squeezing rollers, and then the fixation process is applied with 
a suitable method. This method does not contain water, dyestuff, chemicals, auxiliaries, etc. It 
saves money and reduces waste water generation. 
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  The basic machine used in the impregnation method is the padding. A typical horizontal foulard 
structure is shown schematically in Figure 1.2. 
 

 
   

Figure 2. A Typical Horizontal Fulard Structure [6] 
 
The impregnation method consists of three main steps: 
1. Impregnation 
2. Fixed 
3. Washing and soaping processes 
 
The impregnation process, according to the condition of the product; It can be applied from dry to 
wet or from age to age by using a foulard. This method has two basic features, and the opposite is 
true for the extrusion method. 
1) Short liquor ratio (less than 1:1.5 liquor ratio) 
2) Short treatment time 
 
In application with impregnation, it is not necessary to keep the transit time of the product from 
the liquor too long. However, in very short passes, the application may not be sufficient. Sufficient 
time should be provided for the wetting of the textile product, the application of dyestuffs and 
chemicals. 
 
In this process, dyestuff and alkali can be given together or applied separately. Giving them all 
together is called the one-bath method, while giving them separately is called the two-bath method. 
In the one-bath process, liquor stability is important. As the reactivity of the dyestuff increases, 
the loss of color intensity increases in long waiting times. For this reason, the dye solution is 
pumped to the scarf from separate vessels and the alkaline solution from separate vessels. In 
addition, the trough volume of the scarf is kept low. In this way, 5 minutes after the dyestuff and 
solution come together, it is completely displaced. 
 
According to the impregnation method, dyeing can be applied continuously or semi-continuously. 
In this context, semi-continuous systems working according to the impregnation method are pad-
batch, pad-jig and pad-roll, while continuous systems are pad-steam, pad-dry and pad-thermosol. 
Continuous dyeing is a process in which the dyeing process continues uninterrupted. Due to the 
high initial investment cost, it is more suitable for businesses that constantly paint in large batches. 
All continuous dyeing methods begin with impregnation, as with semi-continuous dyeing. Then, 
it continues with fixing and washing processes according to the method. 
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Advantages of the impregnation method: 
1) Short liquor ratio, low water usage and waste water amount 
2) Low consumption of dyestuff and chemical substance used 
3) Low energy costs 
4) Economical dyeing of long lots 
5) Suitability for long-length painting 
6) The filling, unloading and cleaning time of the machine is short compared to the puller method. 
7) Process repeatability is higher than the extrusion method 
8) To be suitable for fabrics with the danger of permanent fracture scars. 
 
Disadvantages of the impregnation method: 
1) High investment expense 
2) Not suitable for short parties 
3) The squeezing rollers are sensitive in construction and require maintenance 
4) The risk of painting irregularities such as head-end difference, wing difference, migration 
5) The need for more precise adjustment of flotte concentration calculations 
6) Continuous systems are not produced in Turkey [3] 
 
1.3. Importance and Purpose of the Study 
 
It is an important issue that reactive dyeing processes can be done correctly in one go and that they 
can be repeated in the same color applications in dyehouse enterprises in the textile industry. 
Reactive dyeing works are first carried out in the laboratory environment in line with the wishes 
of the customers, and production is started in the operating environment after customer approval. 
However, when the color studies made in the laboratory are transferred to the enterprise, the 
problem of color difference is encountered. In this context, in order to solve/reduce the problem, 
it is necessary to examine the parameters that may cause color difference for each stage. This 
situation increases the number of applications and causes cost increase, time loss, excessive raw 
material consumption and labor loss in dyehouse enterprises. 
In this study, it is aimed to minimize the laboratory-business color compatibility and 
reproducibility problem, which is the biggest problem of the dyeing adventure that starts in the 
laboratory in the textile sector and ends in the enterprise. For this purpose, fabrics and colors that 
were dyed within the program in the enterprise where the study was carried out and that had color 
difference problems were preferred. Within the scope of the studies, experiments were carried out 
by making differences on the variables of pH, time, temperature, dyeing and washing place in 
order to reduce the percentage difference by considering both the laboratory recipe and the existing 
business recipe. As a result of the applied trials, new prescriptions were created to dye the 
prescriptions received by the enterprise from the laboratory with a minimum of changes. 
 
The main purpose of the study is to minimize both labor, time, energy and water losses in the 
competition in the global market, to reach the right result at the first time and to reduce the 
problems experienced in repeatability. 
 
2. MATERIAL AND METHOD 
2.1. Material 
2.1.1. Sample Fabric Properties 
 
Within the scope of the experimental study, a viscose/cotton/elastane blend woven fabric was used 
as a sample, and the sample weaving process and all dyeing trials were carried out by Kıvanç 
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Tekstil Tic. and San. Inc. carried out with support. The fabric with a mixture ratio of 55% viscose, 
40% cotton and 5% elastane was chosen as the sample, since it is widely produced in the enterprise 
and contains two different cellulosic fibers. Selected construction parameters of the sample fabric 
are given in Table 2.1. 
  

Table 1. Sample fabric properties 
Weave Type 2/1 Twill Z 
Weft Density 26 wire/cm 
Warp Density 32 wire/cm 
Weft Yarn Count Ne 14/1 carded + 70 dtex elastane(corespun) 
Warp Yarn Count Ne 28/2 viscose + 70 dtex elastane(ring) 
Width 142 centimeter + 335 gram/meter 

 
2.1.2. Dyes and Chemicals  
 

In the thesis study, 4 different colors were selected for the dyeing trials to be made on the 
sample fabric. Preferred colors; It was determined by choosing the colors belonging to the light, 
medium and dark categories, which were previously dyed in the enterprise and where laboratory-
operation incompatibility was experienced. 

 
2.2. Method 
 

The steps of the method followed in the experiments applied in the laboratory and in the 
enterprise within the scope of the experimental study are given below, respectively. 

 
• First of all, sample woven fabric was produced. 
• Before the dyeing trials, a pre-treatment process in the form of Lot Preparation–Burning–

Bleaching–Drying/Fixing was applied to the woven sample fabric. 
• Color-based recipes were created and dyed according to the desired reference in the 

laboratory environment. 
• Using the recipes prepared by the laboratory, 3 meters of fabric were dyed according to 

the extrusion method in the enterprise. 
• Colors painted in the facility were compared visually and spectrophotometrically 

according to the reference color given by the laboratory. 
• According to the results of the comparison of the color dyed in the enterprise with the 

reference fabric (the fabric dyed in the laboratory with the laboratory recipe), new recipes were 
determined in the enterprise. 

• In the laboratory environment, dyeing was carried out under both pH=12.5 and pH=10 
conditions with laboratory prescription. On the other hand, the business recipe was dyed only in 
pH=10 environment. 

• In order to reduce the color difference between the laboratory application and the business 
application, experiments were made in different combinations by changing the washing and drying 
place, fixation time and temperatures. 

• As a result of these processes, the optimum conditions were tried to be determined by 
making evaluations with visual and spectrophotometric measurements. 

• It was determined that the lowest color difference occurred under pH=10 conditions and 
new recipes were created under these conditions. 
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While dyeing is carried out at pH=12.5 under normal conditions, the reason why dyeing 
experiments are carried out in an environment with pH=10 within the scope of the study is briefly 
explained below. 

 
During the dyeing process, caustic and soda are used to ensure that the dyestuff can be 

attached to the fabric and fixed and to regulate the alkalinity of the environment. When these 
chemicals and dyestuff combine, they pass from the acidic environment to the alkaline 
environment. However, the caustic chemical, which enables the dyestuff to bind to the fabric, is 
also used for dye removal from the fabric. For this reason, within the scope of the study, the caustic 
chemical was removed in the laboratory environment and dyeing was carried out with only 
different amounts of soda, at different pH values, and the pH value of the darkest color was 
observed. According to the results of the experiment, it was observed that the saturation level of 
the color was at the highest level in dyeings at pH = 10, and within the scope of these results, 
experiments were made to create new recipes in which the color closest to the color of the 
enterprise was transferred to the enterprise with the least amount of change by dyeing at pH=10 
conditions. 

 
2.2.1. Machines Used in the Laboratory 
 
 • ATAÇ GK 40E brand fixation machine, 

• MATHIS brand LABDRYER dryer, 
• ATAÇ FY 350 brand horizontal foulard, 
• Wise Stir brand mixer, 
• SARTORIUS brand precision balance, 
• SARTORIUS brand pH meter, 
• Scaled containers are used for weighing dyes – chemicals 
 

2.2.2. Machinery Used in the Business and Its Features 
 
 Within the scope of this study, Kıvanç Tekstil Tic. Work has been carried out on the 
machine, which is known as Pad Humidity Fix in the terminology and known as E Control in the 
enterprise. There are 2 of these machines in the enterprise, one for the light color group and the 
other for the medium and dark color group. In these machines, cellulosic parts in 100% viscose, 
100% tencel, 100% cotton, cotton-polyester, cotton-viscose and polyester-viscose groups are dyed. 
 

 
Figure 3. E Control Machine[7] 
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3. EXPERIMENTAL STUDY AND FINDINGS 
 
 Within the scope of the study, laboratory recipe and business recipe of 4 different colors 
dyed, different washing place (business and laboratory washing), different drying place (working 
and laboratory drying), different pH values (pH 10 and 12.5) and different fixation times were 
applied and The obtained colors were compared with the help of a spectrophotometer device. The 
results obtained were evaluated together and new recipe suggestions were made for each color, 
and the differences between the amount of dyestuffs between the enterprise and laboratory recipes 
could be reduced to a certain extent. 
 
For these purposes, dyeing process was applied for 4 different colors on viscose/cotton/elastane 
blended fabric. A liquor was prepared according to the recipe and the fabric was passed through 
the scarf in a determined number of times, then different experiments were carried out by changing 
the washing place, drying place, fixation temperature and fixation times, and the effects of these 
variables on the color were observed. The dyeing experiments for each color and the evaluation of 
the results are given below. 
 
In these studies, it is aimed to reduce the color difference between the laboratory and the enterprise 
and to make the transition without changing the amount of dyestuff in the recipe or with the least 
change. 
 
4. CONCLUSIONS AND RECOMMENDATIONS 
 
 Within the scope of the study, it was aimed to examine the laboratory-business harmony, 
which is one of the biggest problems in the business, in the color formation adventure that starts 
in the laboratory and ends in the business, and to prevent the trials made during the application of 
the recipes prepared by the laboratory in the business part, and the time, labor and dye/chemical 
consumption lost in this process. It is aimed to minimize the difference by making the necessary 
corrections. 
 
In other words, it is aimed to develop approaches to reduce the change in the amount of dyestuff 
in the recipe while the color transition is made from the laboratory to the enterprise in the 
impregnation dyeing method. 
 
Within the scope of the study, laboratory recipe and business recipe of 4 different colors dyed, 
different washing place (business and laboratory washing), different drying place (working and 
laboratory drying), different pH values (pH 10 and 12.5) and different fixation times were applied 
and the obtained colors were compared with the help of a spectrophotometer device. The results 
obtained were evaluated together and new recipe suggestions were made for each color, and the 
differences between the amount of dyestuffs between the enterprise and laboratory recipes could 
be reduced to a certain extent. 
 
Accordingly, the results obtained with the experimental studies applied within the scope of the 
study are summarized below. 
 

• It has been observed that by removing caustic completely from the dyeing recipe in the 
laboratory environment, the pH value is lowered and deeper colors are obtained. 
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• Approximately 4 minutes of drying was carried out both in the laboratory and in the plant. 
However, it was observed that the color was dark due to the free drying in the fan drying and the 
collection from the weft-warp. 

• Approximately 40% darker colors were obtained as a result of dyeing the recipe obtained 
from the laboratory without making any changes in the enterprise. 

• When the color obtained by taking a piece from the fabric passing through the scarf in the 
plant dyeing machine after the printing cylinders and fixing it in the laboratory, the color obtained 
after passing through the chamber of the machine in the plant at the place where the part is taken, 
is darker. 

• It has been observed that the effect of direct steam in the operating conditions on the color 
is different compared to the steam produced by the fixation machine in the laboratory. 
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ABSTRACT  
 
Life Cycle Assessment (LCA) methodology is widely used to calculate environmental impacts of products. In this 
study, LCA approach was applied for garments produced from two fiber types and three colors to determine the 
environmental effects of them. As a result, the use of PET fiber increases the global warming potential (GWP) of the 
product. The GWP value of 50% PET addition relative to 100% cotton fiber increased by 29%, 49%, and 36% for 
white, tinte, and smaragd color, respectively. The darkening of the color also causes an increase in the GWP value. 
 
Key Words: Textile, LCA, fiber, color  
 
1. INTRODUCTION 
 
The most important factor that determines the characteristics of the clothes is the type of fabric 
used [1]. Fashionably dressed people prefer clothes prepared according to the current color and 
fabric type. Fashion designers can choose different fiber types according to the usage areas of 
textile products. While producing and dressing fashionable clothing is important in modern 
societies, a more important issue today is choosing clothing with the least environmental impact. 
It is a known fact that the textile industry is one of the industries that harm the environment more. 
Since dressing is a compulsory need for people, producing environmentally friendly clothes and 
choosing such clothes is an important issue in terms of sustainability approach. It has to be a life 
philosophy for people to choose products that are less harmful to the environment throughout their 
life cycle, and accordingly, behaviours need to change [2]. So, in this context, which color fabrics 
produced with which fiber should be preferred? One of the methods that can be used to find the 
answer to this question is life cycle analysis (LCA). 
 
LCA provides a holistic approach to the assessment of environmental impacts throughout the life 
cycle of a product or manufacturing process and also allows informed decision making [3,4]. The 
use of life cycle thinking approach will help to make the most informed decisions in order to make 
a sustainable production in the apparel industry. 
 
With this study, it was aimed to reveal the current environmental effects of polo t-shirts, which are 
cut and sewn in TYH Tekstil company, and determine the effects of fiber type and color on the 
environmental impacts of garments by LCA analysis. Up-to-date data on all production processes 
of the polo t-shirt were collected from the field. 
 
2.MATERIAL AND METHODS 
 
This study was conducted in accordance with the Life Cycle Assessment (LCA) methodology 
according to ISO 14040-44 standards [5,6]. LCA consists of four basic stages: definition of goal 
and scope, inventory analysis, life cycle impact assessment and interpretation [7].  
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2.1. Goal and Scope 
 
In LCA studies, the priority parameters to be defined are the functional unit and system boundaries 
[8]. The functional unit was selected as one polo t-shirt with different unit weights. The system 
boundary includes upstream and main production processes with a cradle-to-gate approach. 
Consumer-side distribution, use phase, and end-of-life phases were excluded due to lack of high-
quality data. The system boundary of the LCA study conducted on polo t-shirts in Figure 1. This 
LCA study aims to calculate the estimated life cycle environmental impacts of polo t-shirts of 
different fiber types and colors. Technical information of selected textile products are shown in 
Table 1. 
 

 
 

Figure 9. System boundary 
 

Table 2. Information of the studied garments 
 

Fabric type Weight of the 
product 

Color of the product 

A short sleeve polo shirt made of 100% cotton 323 g White 
A short sleeve polo shirt made of 50% cotton 

and 50% polyester fiber 
323 g White 

A short sleeve polo shirt made of 100% cotton 200 g Tinte 
 

A long sleeve polo shirt made of 50% cotton 
and 50% polyester fiber 

300 g Tinte 

A short sleeve polo shirt made of 100% cotton 200 g Smaragd 
 

A long  polo shirt made of 50% cotton and 50% 
polyester fiber 

300 g Smaragd 

 
2.2 Inventory Analysis 
 
The LCA model was created using the GaBi 10.7 software system developed by PE International 
[9]. LCI consists of primary and secondary data collected in the following categories: raw material 
production, yarn and fabric production, transportation, apparel production. Primary data is data 
collected directly from the field. If primary data is not available, secondary data were obtained 
from the existing database. The databases in GaBi software are used for energy generation, raw 
materials, process materials, transportation, wastewater treatment, etc. It provides secondary LCI 
data used for modeling [10]. Data sources of polo t-shirts are given in Table 2. 
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Table 2. LCI data sources 
 

Life cycle stage Data type Source 

Yarn production (raw 
material+spinning) 

-The cradle-to-grave LCI for global 
average fiber covers raw material 

production from field through ginning. 
-Polyethylene terephthalate (PET) fibres; 

reaction of dimethyl terephthalate and 
ethylene glycol; production mix. 

Extention 
database; 
On-field 

investigation 

Knit production 
 

The gate-to-gate LCI for knitting from 
fiber through fabric. 

On-field 
investigation 

Dyeing 
(pretreatment+dyeing+ 

finishing) 

The gate-to-gate LCI for dyeing from 
fabric through dyed fabric. 

On-field 
investigation; 

Textile database 

Cutting 
On-site energy and material use; loss rates 

of fabrics 
On-field 

investigation 

Sewing and Packaging On-site energy and material use 
On-field 

investigation 

Transportation 
Transportation distance of factories, by 

truck 
Google map 

 
3. RESULTS 
 
In the LCA interpretation step the results are reviewed and identified the significant issues based 
on the result of LCIA phases [11]. The impact categories chosen to determine the environmental 
impacts of products are different in each study, depending on the purpose and LCA methodology 
chosen. The most widely used LCIA methods for cotton textiles have been EDIP, CML and 
ReCiPe, which are comprehensive methods that include many environmental impact categories 
[12]. Therefore, the impact category method was chosen as CML2001-Aug 2016. In this study, 
abiotic depletion-fossil (ADP), acidification (AP), eutrophication (EP), and global warming 
(GWP) potentials are taken into consideration and the results are given in Figure 2. 
 
3.1. Abiotic Depletion-Fossil (ADP) 
 
ADP-fossil refers to the amount of non-renewable raw materials globally over a period of at least 
500 years. As seen from Figure 2, cotton (CO)-polyester (PET) polo t-shirts have the highest ADP. 
It was determined that the effects of PET raw material are higher than 100% CO polo t-shirts, since 
it is obtained from non-renewable energy source petroleum. The tinte CO-PET polo t-shirt has 
about 103% higher ADP from the white CO polo t-shirt. 
 
3.2. Acidification Potential (AP) 
 
The highest AP effect was found for the tinte 50% cotton-50% polyester polo t-shirt, followed by 
the smaragd polo t-shirt in the same fabric composition. The products with the lowest AP effect 
were the white polo t-shirts. The upstream electricity production process emits sulfur dioxide to 
air, causing AP impact [13]. In addition, NOx and SO2 emissions caused by the intensive use of 
chemicals, the dyeing step increases the AP [14]. 
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Figure 2. Environmental impact results of the analyzed polo t-shirt for different compositions 
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3.3. Eutrophication Potential (EP) 
 
Figure 2 shows that the white cotton polo t-shirt has a higher effect than all the polo t-shirts. The 
total potential contribution to EP per 100% CO white polo t-shirt amounts to 0.0043 kg SO2 eq. 
The second highest impact products are tinte polo t-shirts, and their impact values are close to each 
other. For cotton products, the process that contributes the most to EP is the agricultural phase. 
Especially during cotton production, phosphate and nitrate content flowing into surface waters 
from fertilized fields increases EP. In addition, HN3, NO and N2O emissions given to the air during 
cotton planting accumulate and reach the surface waters and increase the EP [14]. Chemicals, 
auxiliary chemicals and dyes in dyeing process also increase EP. More dyes, chemicals and water 
are needed to dye a textile product in dark color [15]. It should also be noted that white polo t-
shirts contribute to greater environmental impact due to the weight-based allocation method. 
  
3.4. Global Warming Potential (GWP) 
 
As can be seen from Figure 2, the use of PET fiber increases the GWP of the product. The GWP 
of the 50% PET addition relative to 100% cotton fiber increased by 29%, 49% and 36% for white, 
tinte and smaragd color, respectively. Besides polyester production, it increases GWP due to the 
large amount of energy required to extract crude oil and refine it to make polyester. In addition, 
the dyeing of fiber is done separately for cotton dyeing and then for PET dyeing. Therefore, the 
energy use in the dyeing processes of the mixtures is higher [16]. 

 
4. DISCUSSION 
 
The environmental effects of a polo t-shirt with different compositions (two different fibers and 
three different colors) were evaluated with the field data collected from pre-TYH and TYH 
company with LCA and these products were compared according to the selected impact categories. 
In the life cycle of the analyzed polo shirts, the highest GWP values are the tinte, smaragd, and 
white colored 50%-50% cotton-polyester polo t-shirt respectively. Similar results were also 
observed for ADP and AP. Significant energy consumption from crude oil, natural gas and 
electricity use for polyester fiber production has greatly affected the GWP, ADP and AP. However, 
when the EP potential effect of the products was examined, it was found that the highest effect 
was in 100% cotton products. The stage that contributes most to EP is the use of fertilizers and 
pesticides during cotton growing. 
 
5. CONCLUSIONS  
 
In this study, a LCA was conducted for different configurations of polo t-shirts and it was 
concluded that the use of PET fibers caused more environmental impact in other impact categories 
except EP while the cotton production caused the highest environmental impact in the EP impact 
category. The use of recycled polyester, recycled cotton, organic cotton and flax fiber for a more 
sustainable textile production will contribute to a significant reduction in environmental impacts 
in these impact categories [13]. Apart from raw material production, fabric dyeing, which is among 
the sub-stages of the garment manufacturing life cycle stage, has the other highest environmental 
impact. If the products with the same fibers are compared in terms of color, it can be seen that tinte 
colored products has a slightly higher environmental impacts than smaragd colored products.  
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ABSTRACT 
 
Automotive seat cover fabrics are typically produced by combining three layers by using flame lamination. The face 
fabric is produced by the technique of weaving or knitting, while the middle layer utilizes polyurethane foam and the 
back layer is a lightweight fabric defined as lining, scrim or backing fabric.  Particularly in high-end cars and sports 
vehicles seats have more complex shapes according to mid-range vehicles. Knitted fabrics’ trimming performances 
are better than the other fabric production techniques due to their flexibility and preferred because of better aesthetic 
concerns. While assembling seat cover with using circular knitted fabric is subjected to significant tensile forces and 
tensions. These tensions are increased the gap between the seams and/or sewing yarn may cause of the loop damage. 
Within the scope of this study, a double jersey circular knitted fabric was produced. Two different chemicals were 
applied to the fabric and the effect of these chemical applications were evaluated according to automotive testing 
standards. 
 
Keywords: Seam fatigue, circular knitted fabric, seam breakage, static friction 
 
1. INTRODUCTION 

 
Woven and knitted are two main technologies method for automotive seat cover production. Both 
these two technologies can be divided according to own technology and technique [1]. As shown 
as Table 1, the percentages of fabric technologies used in automotive seat fabrics. that main fabric 
technologies used for automotive seat covers are woven velour, flat woven, warp knit tricot, warp 
knit pile sinker, warp knit double needle bar raschel, and circular knit [2]. 
 

Table 1. Relative volume of different seating fabrics [3] 

 
 
Both warp and weft knitting technologies are used to generate numerous types of structures in 
automotive fabrics. For getting flat and pile fabrics, tricot machines, double needle bar warp 
knitting machines and in double jersey circular knitting machines can be used. For better 
trimmability, assembling and fabric flexibility can be combined. Within this combination, seat 
cover may meet with automotive testing standards. Knit are perceived by the automotive industry 
to deliver the desirable characteristics of low cost, low weight, and high performance [4]. 
According to The European automotive industry thinks that knitting fabric design flexibility, 
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stretch characteristics, appearance and comforts are good opportunity to use for seat cover 
trimming. This design flexibility can provide the short-term type of color and pattern complexity 
with the minimum transition time required by European markets [5]. The advantage of knitted 
fabric is its elasticity and softness, making it more comfortable than woven fabrics. Materials used 
in the automotive industry require high elasticity [7]. The stretching feature of knitted fabrics 
provides ease of application, especially in shaped parts such as headrests and molded parts such as 
headlining and door panels [6]. 
 
Due to the flexibility characteristics of circular knitted fabrics, seam problems may arise during 
assembly processes and the creation of shaped parts. To test the seam durability, seam fatigue test 
and static friction tests are performed. As a result of the tests application, the seam durability of 
the produced circular knitted fabric, such as seat covering is determined. 
 
2. EXPERIMENTAL STUDY 
 
2.1. Materials 
 
As the beginning of the study, fabric selections were made. A fabric that is currently produced for 
a Main Automotive Manufacturer and has encountered issues in the seam fatigue test was chosen. 
Fabric production was carried out by Mayer&Cie double jersey circular knit machine. These 
fabrics can be non-jacquard or jacquard. Subsequently, finishing processes were applied. Fabrics 
were washed at 70°C as open width. Fabrics are which is finishing were done, two different 
chemicals applied to the fabric as shown as Table 2. Chemicals are applied to the fabric with 
impregnation technique. Also, chemical-free application was done for the comparison. 
 

Table 2. Chemical Application in Detail 
 
 
 
 
 
 
 
 
 
 
  
After the fabric production process were completed, the testing phase was initiated. Two different 
tests were performed in the testing phase: seam fatigue test and static friction test.  
 
2.2 Methods 
 
2.2.1. Seam Fatigue Test  

 
The seam fatigue test is performed to determine the durability of the seam during trimming. Test 
pieces are cut from the length, width, and crosswise sections of the fabric. Two pieces from the 
same section are stitched together. Stitching needle number is 120 and Groz Beckert needles are 
used. In addition, 90 tex polyester stitching yarn is used. Afterwards, pieces are placed into the 
jaws and machine start to move in horizontal way. The testing is carried out with a load of 29.4 N 

  Chemical Application Step 
Samples Chemical g/Lt Temperature 

Sample A Chemical-Free 

Sample B Polyethylene-based 20 g/lt 
140°C 

Sample C Polyacrylate-based 20 g/lt 
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(3 kg) for 30 ±1 cycles. After completing the testing, measurements of the gap were taken, and it 
needs to be checked whether there is any seam breaking. The Figure 1 shows the seam fatigue 
device on below. 
 

  
 

Figure 1. Seam Fatigue Testing Device 
 

2.2.2. Static Friction Test 
 

Static friction tests are performed for determined the slipperiness of the fabric. Test samples are 
cut from fabric as a length, width ways. Fabric placed on machine. Sled with abrasive fabric fitted 
placed on to fabric. Sled’s dimensions are 65*105 mm, and the weight is 1500 g. The test speed is 
set to 2.7°/s and movable plate start to rise at an angle. Testing device shows the angle which is 
the sled slides from fabric at the end of the testing. The Figure 2 shows the seam fatigue device on 
below. 
 

 
 

Figure 2. Static Friction Testing Device 
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3. RESULTS AND DISCUSSION 
 
3.1. Seam Fatigue Test Results 
 

Table 3. Seam Fatigue Test Results 
 

  Sample A Sample B Sample C 

  
L 

Direction 
T 

Direction 
L 

Direction 
T 

Direction 
L 

Direction 
T 

Direction 
100 cycles 1,5 mm 1,5 mm 1,5 mm 1,5 mm 2,0 mm 2,5 mm 
1500 cycles 1,0 mm 1,5 mm 1,5 mm 1,5 mm 2,0 mm 2,0 mm 

 Seam Break Status Seam Break Status Seam Break Status 

  
L 

Direction 
T 

Direction 
L 

Direction 
T 

Direction 
L 

Direction 
T 

Direction 
100 cycles Breakage No Break No Break No Break Breakage Breakage 
1500 cycles Breakage No Break No Break No Break Breakage Breakage 

 
According to the seam fatigue test results are given in Table 3, Sample A’s seam gap measurement 
results are 1 mm and 1,5 mm, so its in the acceptable range but on the L direction seam breakage 
is observed. Test results are not acceptable because of this seam breakages even if the seam gap 
measurements are in the acceptable area. 
 
On Sample B there is no seam breakage is observed and the seam gap is 1,5 mm for both L and T 
direction. According to these results, the fabric meets the required test standards. 
 
According to the test results of Sample C, seam breakage is observed on both L and T directions 
and seam gap is 2 mm and 2,5 mm and which is not acceptable according to the specifications. 
 
3.2. Static Friction Test Results 
 

Table 4. Static Friction Test Results 
 
 
 
 
 
 
 
 
According to the static friction test results are given in Table 4, static friction angle of the Sample 
B is 17,6° for L direction and 22,9° for T direction. Static friction force of Sampe B’s surface is 
less then Sample A and Sample C’s surfaces. 
 
Sample A’s static friction angle is 23,8° for L direction and 25,8° for T direction. While on T 
direction of Sample A and Sample B a major difference was not seen in terms of static friction 
values, on L direction a significant difference was seen. 
 

 
Sample 

A 
Sample 

B 
Sample 

C 
L 
Direction 23,8° 17,6° 25,8° 
T 
Direction 23,5° 22,9° 36,1° 
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Sample C’s static friction angle is 25,8° for L direction and 36,1° for T direction. Static friction 
force of Sample C’s surface is the higher than Sample A and Sample B. 
 
4. CONCLUSION 
 
Within the scope of this study, polyethylene-based and polyacrylate-based chemicals were applied 
to the same circular knitted base in different batches using impregnation techniques. Subsequently, 
seam fatigue and static friction tests are performed on to fabric. Accordingly, the test results were 
evaluated. According to evaluation, Polyethylene-Based chemical significantly improved the 
results of the seam fatigue test. On the other hand, polyacrylate-based chemicals have a negative 
effect on seam fatigue test results. There is a correlation between seam fatigue and static friction 
tests. When the seam fatigue test results do not meet the OEM's specifications, the static friction 
test result is higher. This correlation can be explained by the fact that fabric surface behavior needs 
to have less surface friction force to obtain acceptable seam fatigue test results. When the fabric 
exhibits more surface friction force, it is considered more rigid. This rigidity leads to seam 
breakages and directly causing that results do not meet OEM'S specifications. 
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ABSTRACT 
 
Dyeing of the yarn by the roller print method involve staining problem. This problem result from contact of the yarns 
during winding of the yarn on the hank by the conventional winding technology.  
A new winding system was developed to overcome this problem. The new winding system established on conventional 
winding machine by modification of the machine and developing a new software. On the contrary of the conventional 
technic, the new technic give possibility winding of the yarn separately on the hank. Because of that, the different 
colors yarns on the hank are not contact with each other and the staining problem can not be occurred. 
 
Key Words: Printing machines, yarn printing, yarn dyeing, hand knitting yarns, staining of the yarns.  
 
1. INTRODUCTION 
 
Hand Knitting yarns are generally soft twisted, bulky and thick yarns that are produced from 
acrylic fiber [1]. These products are manufactured by running a sequential series of processes 
which are stretch tow breaking, carding, process in the draw frame machine, yarn cleaning, folding 
and twisting, yarn printing, fixation and balling. Dyeing processes of this yarns can be done in 
different methods, one of this method is yarn printing dyeing. In this method, yarn can be dyed 6 
different colors by using changeable pattern length by using dyeing machine as seen from Figure 
1. 

                    

Figure 1: Yarn print dyeing           Figure 2:  Knitting fabric sample which                         
produced from print dyeing yarn 

Hand knitting yarns are produced from acrylic fibers so that basic dyestuff are used as a dyestuff. 
During dyeing process, dye path are transferred to the yarns by roller printing method and then 
drying-fixing processes is applied. After these operations, the colored yarn is transferred to the 
hank parts. In machines with 6 printing cylinders, 6 different colors can be  applied onto the yarn 
so the yarn can be dyed in 6 different colors within yarn length. 
 
After dyeing process, some dyestuff not reacted with fiber molecular structure or hydrolyzed in 
the dye bath. As a result of this situation, the result of color fastness can be low, the migration of 
dyestuff can be high [2,3]. After dyeing with basic dyestuff, some unfixed dyestuff can stay on the 
fiber. So that reason it causes color contamination on the other yarn [4]. 
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In case of this type of dyeing procedure there is no color contamination problem if color difference 
in short patterns. But it has been observed that there is color contamination in the yarns in case of 
color difference in long patterns. This problem can be seen especially sequence in dark&light color 
tones. 
 
The mentioned problem appears as a major mistake on the fabric after knitting operation. (Figure 
4) This problem causes customer dissatisfaction and losing market share. For the solution of this 
problem, different alternatives has been considered in the company like that production speed has 
been reduced to increased the fixation time, but the solution increased the production cost and the 
problem could not be solved permanently. 

 

                                
Figure 3: Print dyed yarn on the hank winder  Figure 4: Contamination of the white yarn by red 

dyestuff 

2. MATERIAL AND METHOD 

This staining problem continues to happen at different times even if lots of precaution has been 
taken. For solving this problem permanently, the modification of the print dye machine winding 
system has been decided according to literature review. Modification has been made in two ways, 
one of them is developing new software and the other of them is modification of the winding 
system of the machine. Winding system modification was based on the changing traverse driving 
and mechanic units. The conventional machine winding system was drive by the gear system 
through main motor. Because of that the stroke of the traverse was short and not to be controlled. 
The new drive system includes servo motor which provide longer stroke and control of the travers. 
 
3. RESULT AND CONCLUSION  

 
As seen in the figure 5 the new developed software involves control of the traverse driving units. 
By using this program, the travers unit of the winding system can be controlled result in winding 
different color yarn separately on the hank. The travers mechanism which transferred the yarn to 
the hank mechanism on the machine, converted to computer controlled system which cause 
automatically color changing detection. By using this type of winding mechanism each color has 
been transferred in different length and different area on the hank wheel. (Figure 5) The detection 
can be made from machine setup and drive the motor which drive the yarn winding carriage. 
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Figure 5: The software program that controls traverse driving unit 

 
By this way, staining of the yarns under temperature and pressure is prevented, because of not 
wrapping of different colors yarns on each other. (Figure 6) 

  

                                    
Figure 6. Skein on the hank as divided based  Figure 7. Knitting fabric from print dyeing  
on the color by modified machine   yarn produced by modified machine setup   
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ABSTRACT 

This study introduces the results of an optimization study applied on sol-gel application conditions onto denim fabrics. 
The result pointed out that it is possible to approach the optimum process conditions applicable at industrial scale 
working conditions to obtain good water repellency performance  

Keywords: Sol-gel, denim fabric, super hydrophobic  

 

1. INTRODUCTION 

Denim fabric is mainly characterized by certain physical properties like high abrasion, high weight, 
tensile and tear resistance compared to frequently used cotton fabrics such as gabardine or poplin 
produced from cotton yarn. It is also popular choice in clothing industry through breathable 
structure with good level of thermal comfort due to their hydrophilic nature and has been produced 
for work wear and sportswear for many years. In recent years, various processes (coating / 
lamination, ozone fading, laser finishing, sandblasting, resin finishing, etc.) are applied to the 
denim product in order to give a new look and / or functionalities. There is an important market 
demand in denim industry towards functional properties especially for liquid repellence and flame 
retardancy. Combining those functionalities and to produce so-called multifunctional textiles find 
large market share. With sol-gel method, many functional properties that cannot be obtained by 
conventional methods can be added to textile materials and multifunctional fabrics can be 
produced easily. There are various studies in sol-gel applications over textile surfaces and all these 
pointed the high contribution of sol-gel process parameters like drying, condensation temperature, 
pH of the bath and the precursor type [1-19]. This study aimed to optimize the process parameters 
of sol-gel method to be applied to improve the water repellency of denim fabrics. It helped to find 
out the best applicable parameters of drying and condensation to utilize for usage at industrial scale 
from the water repellency point of view.      

  2. MATERIALS AND METHODS 

  2.1. Materials 
The denim fabric properties used in this study are given in Table 1.  The fabrics were supplied 
after caustic soda scouring by Çalık Denim A.Ş.. / Malatya. For the experimental plan, which is 
determined by the Design Expert, the input values were selected as drying / condensation 
(temperatures and duration) and commercially available water repellent chemical as additive; other 
parameters like pH, pre-cursor type and pre-cursor : solvent molar ratio were removed not to result 
with any negative effect on hydrophobic performance. The up-and-down limits of the inputs were 
selected as pointed in Table 2, The sol-gel application recipe given in Table 2 was applied onto 
denim fabric sample by foulard with the input variations given. The fabric samples were then tested 
for the contact angle and the water repellency tests (output data) according to ISO 4920.  
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Table 1. Denim sample properties 

Fiber 
composition  

Woven 
type 

Warp x weft density   
(ends and picks/cm) 

Warp 
Yarn 

Number 
(Ne) 

Weft 
Yarn 

Number 
(Ne) 

Weight 
(g/m2) 

97% : 3%, 
cotton : 
elastane  

3/1 Z   21x18 14/1 18/1 275 

 
Table 2. Recipe to be used for process optimization of water-repellent sol-gel bath 

 
Variation conditions for drying: 
90 0C 15 min - 100 0C 10 min - 110 0C 5 min 
Variation conditions for condensation: 
170 0C 75 sec – 150 0C 5 min - 130 0C 20 min 
Variation requirements for commercial water repellent chemical product: 
0 ml – 3 ml – 5 ml 
 
 
 
 
 

TEOS: Tetraethylorthosilicate (precursor),  HDMS: Hexadecyltrimethoxysilane (co-precursor),  
GPTMS:  Glycidoxypropyltrimethoxysilane (co-precursor) 

 
The minimum number of experiments and conditions to be applied in order to use the variation 
conditions determined according to the Design Expert supported mathematical modeling in the 
optimization study was as obtained in Table 3. Then, some of the model supported input data was 
rounded up; also since trials run by foulard with 1 mL commercially available water repellent 
chemical gave low water repellency, that value was also revised. So, the final application plan was 
as given in Table 4.   
 
Table 5 gives the testing results (output data). It was found that commercially available water 
repellent chemical would increase contact angle value as expected but it was possible good level 
of water repellency with low amount of that chemical thanks to so-called ideal drying and 
condensation conditions. Later, the Design Expert were run again between up-and-down limits of 
outputs and 10 new optimized application conditions with expected output (contact angle value) 
were obtained as given in Table 6. The results revealed that it is possible to obtain contact angle 
over 1350 with using low amount of water repellent chemical (16,22 mL). Therefore a new 
application set was prepared where the A value in Table 2 was 15 mL and drying and condensation 
conditions were as used in trial 5,8 and 10 which applied low, medium and high amount of water 
repellent chemical (Table 7). The final applications were completed by foulard and water angle 
measurements were run again. The results in Table 8 showed that sol-gel application with 
optimized process conditions resulted with very good water repellency performance (contact angle 
value of around 1400).      
 
 
 
 
 
 
 

Ethanol 50 ml 
TEOS 8 ml 
Water 35 ml 
HCl (0,01 N) 15 ml 
HDMS 4 ml 
GPTMS 11 ml 
Urea 2 ml 
Tween 20 2 ml 
Commercial 
water repellant 

A ml 
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Table. 3. Primary Experimental Conditions 

Trial 
number 

Drying 
Temperature 
(0C) 

Drying 
time 
(min) 

Condensation 
Temperature. 
(0C) 

Condensation  
Time (min) 

Commercial  
WR Chemical   
(mL) 

1 94,05 15,00 138,11 10 3,99 

2 90,00 15,00 150,00 5 2,50 

3 94,05 15,00 161,89 2,5 3,99 

4 105,95 7,00 138,11 10 1,01 

5 100,00 10,00 130,00 20 2,50 

6 105,95 7,00 161,89 2,5 3,99 

7 100,00 10,00 150,00 5 2,50 

8 105,95 7,00 138,11 10 3,99 

9 100,00 10,00 150,00 5 0,00 

10 94,05 15,00 138,11 10 1,01 

11 110,00 5,00 150,00 5 2,50 

12 100,00 10,00 150,00 5 2,50 

13 100,00 5,00 150,00 5 2,50 

14 105,95 7,00 161,89 2,5 1,01 

15 100,00 10,00 150,00 5 5,00 

16 100,00 10,00 170,00 1,25 2,50 

17 100,00 10,00 150,00 5 2,50 

18 100,00 10,00 150,00 5 2,50 

19 100,00 10,00 150,00 5 2,50 

20 94,05 15,00 161,89 2,5 1,01 
 

Table. 4. Final Experimental Conditions 

Trial 
number 

Drying 
Temperature 
(0C) 

Drying 
time 
(min) 

Condensation 
Temperature. 
(0C) 

Condensation  
Time (min) 

Commercial  
WR Chemical   
(mL) 

1 95,00 15,00 140,00 10 4,00 

2 90,00 15,00 150,00 5 2,50 

3 95,00 15,00 160,00 2,5 4,00 

4 105,00 7,00 140,00 10 37,50 

5 100,00 10,00 130,00 20 2,50 

6 105,00 7,00 160,00 2,5 25,00 

7 100,00 10,00 150,00 5 2,50 

8 105,00 7,00 140,00 10 25,00 

9 100,00 10,00 150,00 5 0,00 

10 95,00 15,00 140,00 10 37,50 

11 110,00 5,00 150,00 5 2,50 

12 100,00 5,00 150,00 5 2,50 

13 105,00 7,00 160,00 2,5 37,50 

14 100,00 10,00 150,00 5 50,00 

15 100,00 10,00 170,00 1.25 2,50 

16 95,00 15,00 160,00 2,5 37,50 
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Table 5. Contact angle measurement results (average of ten measurements) as output data 

Trial number 
Contact angle 
(0) 

Water 
repellency 
score 

0 (Non treated) 119,16 0 

1 138,37 50 

2 138,96 50 

3 121,83 50 

4 131,72 50 

5 140,65 50 

6 143,64 90 

7 134,05 50 

8 140,99 90 

9 123,90 50 

10 143,23 90 

11 143,17 50 

12 143,39 50 

13 136,88 80 

14 143,84 90 

15 130,25 50 

16 140,12 90 

 
Table 6. Optimized input and output data set by the Design Expert 

Drying 
Temperature 
(0C) 

Drying 
time 
(min) 

Condensation 
Temperature. 
(0C) 

Condensation  
Time (min) 

Commercial  
WR Chemical   
(mL) 

Expected 
contact angle (0) 

99.97 7.44 148.34 4.99 37.17 146.347 

105.05 7.02 139.62 9.78 41.66 140.03 

101.03 9.41 139.24 15.19 21.35 141.311 

98.88 11.16 162.41 4.41 38.84 148.846 

98.18 11.59 152.15 15.82 19.59 119.289 

100.89 9.68 154.44 7.19 16.22 135.697 

100.22 9.97 156.69 11.56 36.52 148.288 

102.29 8.55 149.28 11.66 17.80 119.716 

98.18 11.88 156.12 5.11 34.98 147.601 

99.92 10.58 136.94 11.02 41.72 131.113 

 
Table 7. The final application conditions 

Trial 
number 

Drying 
Temperature 
(0C) 

Drying 
time 
(min) 

Condensation 
Temperature. 
(0C) 

Condensation  
Time (min) 

5 100 10 130 20 

8 105 7 140 10 

10 95 15 140 10 
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Table 8. The final application test result (average of ten measurements) 

Trial 
number 

Contact 
angle 
(0) 

5 138,61 

8 141,17 

10 142,03 
 

3. RESULTS AND DISCUSSSION 

It has been shown that in the sol-gel trials applied to denim fabrics a contact angle of around 140 0 can be 
obtained when the drying temperature is between 100 – 105 0C , the drying time is between 7 – 12 minutes 
and the addition of a low amount of commercial water repellent.  
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ABSTRACT 

Pilling is a fabric surface defect that results from regular wear-cleaning cycles, giving an unsightly appearance. Pills 
are formed by the entanglement of loose fibers protruding from the fabric surface during wear, washing and rubbing. 
It can be affected by different factors such as fiber, yarn and fabric structural properties as well as applied finishing 
processes. In this study, it is aimed to compare two distinct abrasives type (standard wool fabric and the test fabric) 
on the pilling performance of three blended fabrics (one of woven fabric and the other two knitted fabrics) with 
different constructions and compositions. 
 
Keywords: Pilling, martindale, abrasive, cotton and blended fabric 
 
1. MATERIALS AND METHODS 

Pilling is a condition that arises in wear due to the formation of little ‘pills’ of entangled fiber 
clinging to the fabric surface giving it an unsightly appearance. Pills are formed by a rubbing action 
on loose fibers which are present on the fabric surface [1].  
 
Pill formation consists of three stages due to mechanical impact to the surface of rasped products, 
primarily, the tips of several fibers of fiber are pulled out creating a fuzzy surface. Later on, broken 
fibres grip to felt tips and form separate, gradually growing pills [2]. 
 
Fabric manufacturers have studied the pilling problem on the fabric surface for a long time. While 
pilling was a problem that existed on the fabric surface, it was not a major problem with wool and 
cotton fibers. However, with the introduction of synthetic fibers, manufacturers and consumers 
began to consider this problem [3]. 
 
New garments made from cotton and cotton-blend fabrics have a hand that is rather hard and stiff. 
The garment surface is not smooth, since small fuzzy micro fibrils protrude from it. Additionally, 
after a relatively short period of wear, pilling will appear on the garment surface, thereby giving it 
an unappealing and worn look [4].  
 
Fabric structure is also important in the fabric's tendency to pill. A very tight and compact 
construction such as denim usually causes very little pilling. However, a loosely knit or loosely 
woven fabric will introduce more pilling from both wear and cleaning [5]. 
 
In order to determine the impacts of rubbing to tested fabric and rubbing to standard abrading on 
the pilling performances, three different fabrics were selected. The fabrics were knitted Cotton 
fabric (320 g/m2), knitted Cotton/Elastane fabric (192 g/m2), and woven Polyester (PES)/Cotton 
fabric (114 g/m2).  Pilling tests were conducted according to EN ISO 12945-2 Martindale method.  
 

EN ISO 12945-2 standard, Martindale method is one of the best methods that shows the 
performance of pilling and surface fuzzing caused by friction on the outer surface of the fabric.  
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Before starting the test, all test samples and abrasive fabrics were conditioned for 24 hours 
according to ISO 139. 
 
Test specimens were prepared from evenly spaced areas across the fabric width and 
unwrinkled/unwrapped parts according to the standard [6].   
 
Three different fabrics were tested using two different abrasives, one being a standard wool 
abrasive fabric and the other being tested fabric. 
 
For the first group of tests, four test specimens in the form of disks with a diameter of 140+5 cm 
were prepared from all fabrics.  These test specimens were used as one group for the test specimen 
holder and one group for the pilling table.  
 
For the second group of tests, woolen abrasive fabrics were used on the pilling table and the tested 
fabrics were prepared for the test specimen holders with the same diameters. 
 
In order to make comparative evaluation with the tested sample, another sample was cut from each 
test sample.  

 
Test specimens were mounted in the test specimen holders and abrasives were mounted on the 
pilling table, before testing began. A mass of (155 ± 1) g for knitted fabrics and a mass of (415 ± 
2) g for woven fabrics was used in the test specimen holder.  
 
Martindale Abrasion& Pilling tester was used as the testing machine in the tests. A photo of the 
testing machine is given in Figure 1. 
 

 
 

Figure 1. Martindale Abrasion & Pilling test device  
 

At the end of the test, the test samples, which were rubbed at 6000 rubs on the Martindale device 
in the Universal pilling evaluation cabin, were evaluated according to EN ISO 12945-4.  
 
Visual evaluations (degrees of pilling, fuzzing and matting) after the tests were made according to 
the new standard EN ISO 12945-4 [7]. 
 
Each specimen views were evaluated at a distance of 30 cm to 50 cm between eye and specimen 
as placed on assessment unit ensuring glare from the light source is not visible. 
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In the evaluations Universal Pilling Cabinet was used, it is given in Figure 2.  
 
Each observer (three people) assessed each test specimen with respect to pilling, fuzzing and 
matting degrees according to EN ISO 12945-4 to use three separate grades. 
 
The test specimens (left) and a reference specimen (right) were placed centrally on the assessment 
unit as seen in Figure 2.  
 
 

    
 

Figure 2. Universal pilling assessment cabinet 

 
All test specimens were evaluated according to the grading schemes that were given below Table 
1 (pilling), Table 2 (fuzzing) and Table 3 (matting) [7] and also considering to the standard 
photographs. 
 

Table 1. Pilling grading scheme [5] 

 
 

Table 2. Fuzzing grading scheme [5] 
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Table 3. Matting grading scheme [5] 

 
 

2. RESULTS AND DISCUSSSION 

In this study, pilling performances were evaluated according to last edition Martindale and Pilling 
Assessment standards [6,7].  
 
Pilling test was applied 6000 rubs to selected fabrics of three different constructions using two 
different abrasives. Each surface appearance was recorded. The surface appearances were 
determined in three evaluation stages: pilling, fuzzing and matting by three people.  
 
Images of tested and evaluated fabrics are given in Figure 3.  
 

 
Figure 3. Images of tested and evaluated fabrics  

(a) PES/Cotton woven fabric, (b) Cotton knitted fabric, (c) Cotton/Elastane knitted fabric) 
 
The grades of each test specimen on all three fabrics are summarized in Table 4. 

 

Table 4. Determination of  fabrics propensity to surface pilling, fuzzing, matting according to abrasive type 

 

 

Number of 
Pilling Rubs 

Pilling Fuzzing Matting Abrasive Type 

PES/COTTON             
Blue Fabric (Woven)              

114 g/m² 
 
 

6000 rev. 3-4 3 4  Standard wool fabric 

6000 rev. 3-4 3 4  Standard wool fabric 

6000 rev. 2-3 3 4-5 Test sample 

6000 rev. 2 2-3 4 Test sample 

COTTON                    
Black Fabric (Knitted)              

320 g/m² 

6000 rev. 4-5 3-4 4-5  Standard wool fabric 

6000 rev. 4-5 3-4 4-5  Standard wool fabric 
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6000 rev. 4 4 4-5 Test sample 

6000 rev. 4 4 4-5 Test sample 

COTTON/ELASTANE             
Brown Fabric (Knitted)              

192 g/m² 
 
 

6000 rev. 3-4 3-4 4-5  Standard wool fabric 

6000 rev. 3-4 3-4 4-5  Standard wool fabric 

6000 rev. 3 3 4 Test sample 

6000 rev. 3 3 4 Test sample 

 
The evaluation results are as follows: 
 
When test fabric was used as the abrasive type, the worst results were obtained for all fabrics 
compared to standard wool fabric.  
 
In the evaluation of the test specimens, the fuzzing assessment grades for PES/Cotton woven fabric and 
cotton knitted fabric were found to be lower than the pilling assessment grades. 
 
When cotton was chosen as the fiber type, it was evaluated that the fiber lengths tended to show 
fuzzing rather than pilling, and there were no fiber mismatches that would increase static 
electricity.  
 
The matting degrees were found to be almost the same for all fabrics.  
 
As with Polyester/Cotton blended fabric, it has been observed that when two different fiber blends 
were used, the pilling level increases and fuzzing level is moderate. 
 
It has been observed that in cotton knitted fabrics using elastane yarns, elastane yarn increases 
friction, causing a rise in fuzzing and pilling. 
 
In another study, it was concluded that pilling tendency increased as the polyester ratio increased 
in polyester cotton blended fabrics [8].   
 
With future studies, it can be determined how the pilling level changes by using fabrics 
consisting of different types of fiber blends. 
 

3. CONCLUSION 

In this study, pilling performance was evaluated for three fabrics using two different abrasive 
fabrics. In the pilling test; rubbing against tested fabric gave worse results in pilling performance 
compared to rubbing against standard abrasive wool fabric.  
 
In addition, it has been determined that the pilling and fuzzing tendency of fabrics produced with 
polyester blended yarns is higher than that of fabrics produced with single type of fiber. 
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ABSTRACT 
 
A strong demand for sustainable products and processes in the textile and fashion industry and its global markets 
imposes a continuous implementation of the guiding principle Education for Sustainable Development (ESD) in textile 
and fashion education. To achieve this goal, the European Fashion DIET project developed Open Educational 
Resources (OER) within a partnership of a university of education and universities with textile departments. As the 
main output, the project elaborated a further education module on ESD in the context of fashion and textiles, based on 
a survey of over 120 university lecturers in the partner countries Bulgaria, Germany, and Romania. 
 
Key Words: Curricula, fashion design, esd, oer, textile and clothing technology 
 
1. INTRODUCTION 
 
Within the framework of a sustainable transformation, a reorientation of established production 
techniques and products, consumption patterns and lifestyles is demanded by the United Nations 
[1]. Companies are called upon to recognize sector-specific challenges to sustainability and to 
develop socially responsible solution strategies. Nevertheless, a green transformation cannot be 
successful without informed and sustainability-oriented consumers. To support students and pupils 
in classifying the relevance of their actions for the environment and society, targeted educational 
offers in the sense of Education for Sustainable Development (ESD) are needed. ESD represents 
an educational approach to enable learners to make responsible judgements and act sustainably in 
everyday culture and their professional lives [2]. 
 
To achieve this goal, the European project Fashion DIET (Sustainable Fashion Curriculum at 
Textile Universities in Europe – Development, Implementation and Evaluation of a Teaching 
Module for Educators) developed teaching and learning materials as Open Educational Resources 
(OER) for an e-learning platform. A further education module on ESD for higher education in the 
context of fashion and textiles was elaborated with a three-part module comprising 42 lectures on 
didactic-methodical concepts, sustainable fashion design and production technologies as well as a 
sustainable orientation of the fashion market. Another outcome is teaching and learning materials 
for general and vocational schools, based on selected lectures of the ESD module [3]. A second 
platform is the Fashion and Textile Database (F+TD), a comprehensive database to collect up-to-
date information on fashion and textile related topics. Fashion DIET thus strengthens the quality 
and relevance of sustainability-oriented fashion design, textile and clothing engineering as well as 
management education. 
 
Overall, 40 percent of young people in Germany are thinking about how they can behave in a more 
climate-friendly way. 37 percent are more concerned about the future, 34 percent are trying to get 
friends and family to act in a more climate-friendly way and 28 percent want to get (even) more 
involved in environmental and climate protection in the future [4]. It is therefore important to 
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present students with sustainable, feasible options for action or motivating solutions. This finding 
is supported by Ojala’s study [5] that teachers should take students’ emotions seriously and 
communicate in a forward-looking, positive, and solution-oriented way. In Germany, the curricular 
implementation of ESD is demanded for universities and higher education institutions [6]. The 
promotion of the necessary skills of knowledge acquisition, critical thinking, autonomous 
decision-making, and action is a task and third mission of universities for a societal transformation. 
 
2. CRITERIA-LED DEVELOPMENT OF OER IN THE PROJECT FASHION DIET 
 
A qualitative-quantitative questionnaire was conducted with Google Forms (Google Inc.) to 
identify the attitudes and the needs for contents and methods of university lecturers. The survey in 
the three partner countries Bulgaria, Germany, and Romania was conducted in the official 
languages of the respective countries. In a first step the online questionnaire was piloted, based on 
a five-part Likert scale to determine the attitudes and the need for content and methods of the target 
group. A total of 122 respondents took part in the roll-out, of which 15% were men and 85% were 
women. 92% of the responding participants were lecturers, 8% PhD students and researchers or 
participants who performed other types of activities in the textile and fashion sector.  
 
The questions addressed several aspects such as perceived usefulness, experiences, and opinions 
on ESD. By means of a one-factor analysis of variance (ANOVA), it was possible to narrow down 
the expectations and requirements of the lecturers regarding the design of the ESD module. The 
data were processed by chi-square (χ2) analysis method using the software product Statistica 12 
(Stat Soft Inc.). Data were processed by one-way analysis of variance (ANOVA) using the three 
criteria: p-level, Fisher’s criterion, and Wilk’s lambda. The distribution of the data was checked 
by three methods: Shapiro-Wilks Test, Kolmogorov-Smirnov Test and the Lilliefors Test. The 
answers to the open-ended questions were grouped and standardized to compare the obtained 
results. All data were processed at a level of significance p-value=0,05. The most important 
questions of the questionnaire are listed in the following table. 
 

Table 1. Selected questions of qualitative-quantitative online questionnaire according to pilot test (Q = question 
number of questionnaire). Weight coefficients above 0.6 were selected. 

 
No. in 
Survey 

Selected Questions 

Q1.2 How many years of experience do you have in professional higher education? 

Q2.1 What does sustainability mean to you in the context of fashion and textile? 

Q2.2 Importance of and Commitment to ESD (Education for Sustainable Development) 

Q3 What are the most important reasons to implement sustainability aspects to your curricula? 

Q5 How many years of experience do you have in implementing sustainability aspects to your 
curricula? 

Q6 If you already implement sustainability aspects in your lectures, what is your primary target? 
Q7.1 What are major obstacles that prevent you from implementing ESD in your curricula? 

Q12 In general, what are your suggestions we should take care of when developing an ESD Module 
for implementing sustainability aspects in your curricula? 

 
The questionnaire allowed analyzing what the lecturers in all countries have in common regarding 
sustainable fashion and textiles. Most of the respondents had 6-10 years of teaching experience 
(Q1.2). Overall, they attached great importance to the environment and durability of textiles as key 
aspects. Furthermore, they found it very significant to integrate sustainability aspects in the 
curricula in higher education. The difference that appeared in the answers of the respondents from 
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Germany is the fact that they add social aspects as equally significant, they also indicated further 
aspects that are not given in the questionnaire (Q 2.1-Q2.2). The answers to Q3 revealed that 
especially in Bulgaria a sustainable fashion and design education is focused, whereas Romanian 
lecturers are mainly experienced in teaching aspects of sustainability related to textile and clothing 
technology. German lecturers tend to weight sustainability aspects more equally in design and 
technology. Thus, the development of a sustainable product strongly has to take into account the 
design phase and textile and clothing technology. Concerning question Q5, the respondents from 
Bulgaria and Romania do not have more than a year of experience in applying sustainability 
aspects in their curricula. Respondents from Germany have had this experience for over 5-10 years. 
 
Dissenting opinions of the three countries were observed when asking lecturers on their primary 
targets if they already implement sustainability aspects in their lectures (Q6). In Germany emphasis 
is mainly put on critical thinking. Romanian lecturers address aspects of textile technology 
education and up-cycling/recycling concepts, whereas their colleagues in Bulgaria foster 
sustainability in the education of designing and patterning of clothing. Regarding the obstacle that 
prevent lectures form implementing ESS in their curricula, the most prominent response to 
question Q7.1 from lecturers in Bulgaria and Romania was unanimously the lack of ESD in their 
curricula. Concerning the question what information they need to implement ESD successfully in 
their respective curricula (Q8) there was no significant statistical difference between the answers 
of the respondents from Germany and Romania. Such a difference appeared with the respondents 
from Bulgaria who wished to implement new sustainable methods. Considering the Bulgarian 
focus on fashion design, new methods for implementing ESD in the education of design and pattern 
making needed to be elaborated. 
 

 
Figure 1. Q12: Reasons to implement sustainability in the curricula. Country-specific answers (left side) to open-

ended questions (right side). Results given as percentage relative to average country value. 
 
When participants were asked for critical suggestions to develop an ESD module with 
sustainability aspects (Q12), a strong demand for practical relevance was observed regarding the 
teaching and learning methods as well as a need for sustainability information and data access. The 
respondents saw the environmental impact as the main problem. However, there were no 
significant statements on social impacts. A deeper analysis of the questionnaire revealed country-
specific views of the project partners. This was obvious when asking e.g., open-ended questions 
on specific reasons to implement sustainability in the curricula. All countries agreed on reducing 
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the impact on the environment and improving student skills as good reasons. Germany and 
Romania identified the formation of critical thinking as an important reason, whereas educators in 
Bulgaria mainly focused on a preservation of textile heritage (Figure 1). 
 
All in all, the answers revealed that there are different cultural value orientations and views 
regarding ESD that need to be aligned. This is in line with other cross-cultural comparative studies 
of sustainability consciousness [7]. In this respect the Fashion DIET project takes a holistic view 
on sustainability to integrate the different perspectives of cultural specificity. The feedback 
questionnaire allowed the selection of criteria for the elaboration of an action- and research-
oriented further education module for ESD in textile education. The module is divided into three 
parts; each course is designed in the scope of one semester comprising 14 lectures with a workload 
of at least two credit points. The topics follow the project’s holistic approach, covering both a 
sustainable design, textile and clothing production as well as a sustainability-oriented consumption 
and entrepreneurship (Figure 2). 
 

 
Figure 2. Structure of the ESD Module 

 
Open Educational Resources (OER) remark enormous use in the field of education comprising all 
levels starting from primary to higher education. These materials exist in the public province or 
are released under an open license that permits no-cost access, adaptation, use, and reorganization 
by others with no or limited restrictions [8]. All teaching and learning arrangements of the Fashion 
DIET project are therefore provided as OER on the open access e-learning platform Glocal 
Campus (https://glocal-campus.org). This includes access to further teaching and learning 
materials such as manuals, podcasts, and the supply of interactive and physical material. A major 
project website (https://fashiondiet.eu) was developed as the access-point to the information and 
e- learning platform and inform on a continuous basis in accordance with the project objectives. 
Three Learning, Teaching and Training (LTTs) activities were run, each over a period of three 
days, to inform about and evaluate the content and developmental status of the ESD module and 
the teaching and learning materials for schools as well as the usability of the e-learning platform. 
Furthermore, the database F+TD (https://opus.bsz-bw.de/ftrc/home) was developed as an ongoing 
co-creation project to collect current information on fashion and textile topics. Everybody who is 
working in the textile environment may propose sources to be included. In September 2023, the 
database comprised about 750 sources from 41 countries.  
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There were feedback rounds and an online survey conducted at the end of each LTT activity. The 
three LTTs had about 195 participants. The online survey involved 43 respondents in the first LTT 
in Romania, 55 in the second in Bulgaria and 40 in the third one in Germany. The results flew 
directly into the development of the IOs. The main reason for the respondents’ participation was 
the interest in a training on ESD, followed by the interest in an international exchange. An in-depth 
comparative analysis of the results shows that the respondents highly appreciated the content of 
the LTTs. The majority strongly agreed and agreed that their point of view regarding fashion, 
textiles and sustainability was developed and that their point of view regarding ESD in the context 
of fashion and textiles changed. The participants became aware of this educational approach, how 
they can implement ESD in their courses and study programs and thus pave the way for a transfer 
into practice. 
 
3. RESULTS 
 
Overall, the EU project strengthened the quality and relevance of textile and fashion education in 
terms of a more sustainable textile and fashion sector. The project´s main outputs comprise: (1) a 
further education module with 42 lectures and a manual in English, translated into the three 
national languages in the project, as OER, (2) the development of an information & e-learning 
portal, including the open access database F+TD, and (3) the provision of research-based teaching 
and learning materials for schools as OER under the guiding principle of ESD. The project 
comprises the holistic ESD view of both production and consumption of textiles and clothing and 
explores the use of OER by educating the educators and enabling them as multipliers for a more 
sustainable textile and fashion industry and market. 
 
All ESD courses deliver learning and teaching materials with either specific content or an overview 
that can be adapted by the target group. The project’s objective is not to change the study programs, 
but rather to implement ESD as a guiding principle in the existing curricula and enable university 
lecturers and schoolteachers as well as educators in the textile and fashion industry to decide for 
themselves whether to use the content for their learning groups and/or as self-learning materials. 
According to this, all materials can be seen as suggestions or proposals of content on the respective 
topic, which can be directly used in the classroom, but each educator is also invited to adapt the 
content to the needs of the respective learning group. 
 
4. CONCLUSION 
 
Through educational processes, challenges of a sustainable development in the textile and fashion 
industry and its market can be reflected upon. Hence, in a competitive education world, more and 
more institutions and individuals share digital learning resources over the internet. The Fashion 
DIET project follows this trend as the project’s holistic approach faces a quite diverse target group 
encompassing lecturers, teachers, and vocational trainers with their heterogenous learning groups. 
Universities and higher education institutions can make important contributions to sustainable 
development by implementing ESD as a guiding principle in their teaching, research, and 
operational tasks as a whole institution approach. They can contribute to an understanding of the 
complex, multi-layered interrelationships between ecological, economic, social, cultural and 
political conditions for sustainable development and a change of values, attitudes and action. This 
can initiate or deepen a change in consciousness to get people involved and enable them to 
responsibly shape the present and the future. 
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ABSTRACT  
 
This study presents an analysis of the performance properties of three-thread fabrics manufactured with pulp-based 
biodegradable regenerated cellulose fibers. In the study, Ecocell® raw material, which is an import substitute of lyocell 
fiber was used. Physical tests (basis weight, pilling, fastness, air permeability, burst strength, thickness, dimensional 
stability, abrasion tests) and characterizations were performed on fabric samples. When the test results were evaluated, 
it was determined that the increase in the Ecocell® percentage had a negative effect on wet rubbing fastness and burst 
strength of the fabrics, and other physical properties were within the range of customer criteria. 
 
Key Words: Lyocell, Ecocell®, knitted fabric, biodegradable, sportswear 
 
1. INTRODUCTION  
 
As people's welfare and cultural levels increase, their desire for better quality and various clothing 
increases rapidly due to their desire to live better and more comfortably, and the amount of fiber 
consumed per capita in the world increases rapidly. Since the production of natural fibers could 
not increase due to the increase in the world population, the resulting gap will be filled with man-
made fibers [1]. Today, many chemical fibers are produced as an alternative to cotton fiber, which 
is a natural fiber. One of the most important of these fibers, called regenerated cellulosic fibers, is 
viscose. Although viscose is the most produced and consumed regenerated cellulose fiber today, 
its low wet strength property has led to the development of modal fiber. Then, lyocell fiber 
produced with solvent N-Methylmorpholine N-oxide (NMMO) that does not harm the nature with 
different production methods started to be produced [2].  
 
Within the scope of this study, three-thread fabrics, herein after referred to as "fleece", were 
produced from pulp-based biodegradable regenerated cellulose fibers dissolved with NMMO. In 
these blends, Ecocell®, hemp, cotton and recycle polyester were used as raw materials. The aim 
of the study is to examine and increase the properties of the products obtained from single plate 
fleece fabrics developed in different mixtures. Pulp-based biodegradable fibers were chosen as 
raw material for the project because natural fibers could not meet the increasing fiber demand, the 
demand for regenerated cellulose fibers increased, regenerated cellulosic fibers are more 
comfortable and healthy fibers compared to synthetics and the innovation potential of these fibers 
is high. 
 
Lyocell fiber is produced by Tencel® in the world with its large share in the market. Fiber is used 
by importing in Turkey. In this study, Ecocell® raw material, which is an import substitute of 
lyocell fiber, is being developed by local supplier. The mission of this raw material is to protect 
our nature and promote sustainability without taking pulp from ancient and endangered forests. 
Rana et al. (2014), discussed the production, properties, applications and sustainability issues of 
various regenerated cellulosic fibers in their study. They stated that among various regenerated 
cellulosic fibers, lyocell fiber offers significant environmental benefits. They emphasized that the 
lyocell fiber is produced from renewable resources and using a solvent that is almost completely 
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recyclable, as well as being completely biodegradable. They stated that the lifecycle assessment 
(LCA) studies on these fibers show that Lyocell fiber production (especially based on the use of 
municipal solid waste incineration (MSWI) as a process energy source) has advantages over other 
regenerated cellulosic fibers due to its lower energy, water and soil requirements as well as lower 
effects on global warming potential, abiotic depletion, ozone depletion, human toxicity, 
freshwater ecotoxicity and terrestrial ecotoxicity, acidification, photochemical oxidant formation 
and eutrophication [3]. Zhang et al. (2018), in their study, compared the production process, 
environmental effects and product quality of NMMO-based lyocell fibers with conventional 
viscose fibers. They stated that, unlike commercial viscose fiber, the NMMO-based lyocell 
production process is much more environmentally friendly. They also stated that lyocell fibers 
have unique fiber structure and properties such as fibril orientation and crystallinity and have very 
high strength compared to viscose fibers [4]. 
 
The aim of the study is to evaluate the performance characteristics of Ecocell® fiber produced in 
Turkey, which is an import substitute of lyocell raw material. Additionally, it is of great 
importance that this raw material is produced using an environmentally sustainable production 
process. Although studies on Ecocell® fiber are limited in the literature, there is no comparative 
study with different fabric compositions of this fiber in the literature. For this reason, the focus 
was on this subject in the paper.  
 
2. EXPERIMENTAL 
 
2.1 Materials 
 
In this study, Ecocell® fiber is used as a raw material. Ecocell® fiber was supplied by Karafiber 
Tekstil A.Ş. The knitting process of the fabrics was also provided by the supplier. The fleece fabric 
qualities to be made were determined as 30/30/10 and 30/70/20 and productions were carried out. 
Ecocell®/cotton 33/67, 50/50, 67/33 in upper yarn, in the back yarn, 100% cotton, Ecocell®/cotton 
50/50 and Ecocell®/cotton 33/67, 67/33 were preferred. In addition, 30/1 ring 90% Ecocell® 10% 
hemp product was added to the project in order to compare the fabric performance with 
Ecocell®/cotton products. In the scope of the project, knitted fabric samples in different mixtures 
were developed and fabric compositions are given in Table 1. 

 
Table 1. Developed fleece fabrics 

 

Sample 
code 

Sample definition 
Yarn 

compositions 
Basis weight 

(g/m2) 
Feeding 

type 
01 33% Ecocell® 67% Cotton 30/30/10 Ring 328 Full-fed 

S01 33% Ecocell® 67% Cotton 30/30/10 Ring 260 Semi-fed 
02 67% Ecocell® 33% Cotton  30/30/10 Ring 310 Full-fed 

S02 67% Ecocell® 33% Cotton 30/30/10 Ring 255 Semi-fed 
03 58% Ecocell® 7% Hemp 35% Cotton  30/30/10 Ring 309 Full-fed 

S03 58% Ecocell® 7% Hemp 35% Cotton  30/30/10 Ring 248 Semi-fed 
101 25% Ecocell® 60% Cotton 15% r-Pes 30/70/20 Ring 266 Full-fed 
102 42% Ecocell® 43% Cotton 15% r-Pes  30/70/20 Ring 269 Full-fed 
103 30% Ecocell® 50% Cotton 20% r-Pes  30/70/20 Ring 220 Semi-fed 
104 40% Ecocell® 40% Cotton 20% r-Pes  30/70/20 Ring 225 Semi-fed 
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2.2 Methods 
 
To begin with, raw sample fabrics were produced in Pailung brand (32 pus, 20 fine, 22-23 cycles) 
circular knitting machine. Sample fabrics were produced to be semi-fed and full-fed, with two 
grades in each roll. The color was determined as archroma dark blue and was performed by reactive 
dyeing. At the end of the work, design studies carried out by developed fabrics. Product 
development design work was carried out by taking into account the fabric characteristics, current 
trends and fashion. Along with CAD drawings, three-dimensional designs were also studied. For 
3D designs Clo3D design software was used. The physical performance characteristics and the 
relevant test standards analyzed in this study are given in Table 2. 
 

Table 2. Used test equipment and related standards 
 

 
3. RESULTS 
Firstly, fleece fabric knitting structure was developed in different combinations. Customer 
demands were influential in the selection of the knitting structure as fleece. Developed fleece 
fabrics physical test results are given in Table 3. 
 

Table 3. Test results of developed fabrics 

  Burst strength 
 Color fastness 

to rubbing  

Sample 
No 

Air Permeability 
(@200Pa) 

Pressure 
(kPa) 

Swelling 
(mm) 

Time 
(sec) 

Pilling Dry  Wet  

01 508,34 141,9 32,2 19,7 4/5 4/5 3  
S01 693,19 170,8 32,7 21,3 4 4/5 3  
02 931,05 140,7 30,6 19,8 4/5 4/5 3  

S02 1418,82 153,8 30,4 20,5 4 4/5 3  
03 847,40 154,0 30,9 19,6 4/5 4/5 3  

S03 1506,93 161,2 31,4 20,4 3/4 4/5 3  
101 588,88 203,8 35,6 18,9 3/4 4/5 3/4  
102 568,05 194,7 35,4 19,8 3/4 3/4 3/4  
103 702,32 199,8 35,1 19,5 3 3/4 3  
104 722,37 197,2 36,0 20,1 3 3/4 3/4  

Test  Test Standard 
Standard Environments for Conditioning and 
Experimentation 

TS EN ISO 139 

Air Permeability Test (Prowhite) TS 391 EN ISO 9237- 100 Pa/200Pa 
Pilling Test (Martindale) BS EN ISO 12945-1 
Abrasion Test BS EN ISO 12945-2/12945-3/12945-4 
Thickness Measurement (Check-Line Europe®) TS 7128 EN ISO 5084  
Washing Fastness TS EN ISO 105 C06 
Rubbing Fastness TS EN ISO 105 X12 
Water Fastness TS 423-3 EN 20105-A03 
Dimensional Stability Test EN ISO 5077 
Basis Weight TS 251 
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As expected, an increase in the air permeability value was observed in the fabrics produced with 
the semi-fed type. Increasing the Ecocell® percentage in two-blend fabrics positively affected air 
permeability. However, as the amount of Ecocell® increased in three-blend fabrics, a slight 
decrease or increase in air permeability was observed. Therefore, there is no clear correlation was 
found in this experimental group. It is thought that this situation is due to the presence of polyester 
fiber and the fabric construction. 
 
When the burst strength of the fabrics was examined, it was observed that the strength increased 
slightly as the cotton percentage increased. This is thought to be due to the fiber property. Also, it 
was determined that the burst strength value was higher in fabrics with semi-fed type. In addition, 
it is clearly observed that the bursting strength is higher in polyester containing fabrics. For burst 
strength, the accepted customer criterion for single plate fabrics is 145 kPa. The results showed 
that these values were within the acceptance criteria.  
 
When the pilling test results were examined, it was seen that the test results of the semi-fed knitted 
fabrics were decreased by half a point. When the pilling test results were re-examined both in the 
fabric manufacturer and in the TYH’s laboratories, it was seen that the results of the polyester-
containing fabrics were one or half points lower than the others. This situation is thought to be due 
to the polyester fiber property. In other words, it was determined that the pilling tendency was 
higher in polyester-containing fabrics. 
 
The washing fastness, rubbing fastness, perspiration fastness and fastness to water performance of 
the fabrics were evaluated. Color fastness to water test results in terms of color change and degree 
of color staining were almost 4 and 4/5 in all cases. The color fastness to perspiration rating of 
fabrics in acid and alkaline conditions were 3/4 to 4/5. Washing fastness varied between 3 and 4/5. 
Color fastness to rubbing was found to be in the range of 4 to 4/5 in dry conditions, while wet 
rubbing fastness was generally found to be in the range of 3 and 3/4. The tests were carried out at 
the fabric manufacturer and then repeated in the TYH’s laboratory. When the results of both tests 
are compared, the wet rubbing fastnesses are generally between 2 and 2/3 in the test results carried 
out in TYH laboratories. Therefore, the test results were accepted as fail. In addition, the fading 
values of all fabrics after five washings were examined and it was seen that the results were within 
the acceptance criteria. 
 
According to the dimensional stability test results, less dimensional changes were observed in 
fabric width and length in the fabric samples containing PES. It is known in the literature that 
lyocell fibers show good dimensional stability [5,6]. However, higher shrinkage values were 
obtained in fabrics without polyester. Therefore, the results are not compatible with the literature. 
 
In hemp-containing fabrics, the fiber-induced hand feeling has a crunchy structure. There were 
differences in the surface appearance. It is thought that there are differences in appearance because 
the percentages of dye pick-up are different (Figure 1). The figure 1 shown in order to emphasize 
the surface appearance, that’s why color should be disregarded. 
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a 

 
                   b 

 
c 

 
d 

Figure 1. Comparison of surface appearances of hemp-free and hemp-containing fabrics (a- hemp-free fleece fabric, 
b-hemp-containing fleece fabric, c-hemp-free rib fabric, d- hemp-containing rib fabric) 

 
Among the developed fabrics, 103, 104 and 02 coded fabrics were selected based on the air 
permeability and burst strength results, and design studies were carried out (Figure 2). 
 

  
 

Figure 2. Design studies of developed fabrics 
 
Sample products are produced from these fabrics and the comfort properties of the final product 
were examined. The hand-feeling properties were evaluated subjectively and it was decided that 
the hand feeling properties of the fabrics were suitable. 
 
4. DISCUSSION  
 
The experimental set was processed in two different groups. It is thought that this situation affects 
the results. The same process is recommended for further studies. The developed fabrics can be 
compared among themselves, but in further studies, the need for comparison has emerged by 
adding conventional fabric qualities. Although it is thought that the use of vortex yarn instead of 
ring will have a positive effect on pilling values, also it will negatively affect the hand-feeling 
properties. Back yarns of some qualities were used as open-end in fleece fabrics. In line with 
customer criteria, this choice does not meet our quality expectations. Therefore, this use is not 
recommended for high performance expectations.  
 
When the test results were evaluated, it was seen that the feeding type of the knitting structure was 
effective on the results in general rather than the Ecocell® percentage. Although the semi-fed type 
increased the pilling value slightly, it had a positive effect on both air permeability and burst 
strength. Also, since the developed fabrics are produced as sample (minimum) quantities, it is 
thought that the test results are misleading in hand feeling and appearance. 
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5. CONCLUSIONS  
 
In the present study, fleece fabric knitting structure was developed in different combinations and 
performance characteristics were analyzed. This study contributed to the literature on the 
comparative analysis of lyocell fiber with its Turkish substitute, Ecocell®. According to the results, 
it has been observed that usage of Ecocell® fiber with two fiber blend has a certain effect on air 
permeability performance. However, it has been determined that cotton fiber has a positive effect 
on the strength value of fabric. In general, it is possible to say that Ecocell® is a commercial fiber 
suitable for production. In conclusion, it was seen that all results were generally within the 
acceptance criteria.  
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ABSTRACT 
 
In this study, it was aimed to observe the effects of cot and clip, which are spinning machine spinning elements, on 
yarn quality and running performance in pre-consumer recycle cotton and regenerated cellulose blended ring yarn 
production. Within the scope of the study, the fibers brought into fiber form by opening the pre-consumer textile 
wastes were mixed with regenerated cellulose fiber to obtain a blend and finally ring yarn was produced. During ring 
yarn production, cots of different hardness and clips of different sizes were used. It was seen that up to a certain 
hardness value, the cot hardness directly proportional affects the working performance of the yarn, but it affects the 
yarn quality inversely proportional. When the effect of the clip is examined, it has been observed that the clip height 
(mm) affects the working performance directly but effects the yarn quality in the opposite way. 
 
Keywords: Recycle, yarn, clip, cot, cotton 
 
1.INTRODUCTION 
 
As a result of the rapidly increasing population, economy and industry, the increase in the ratio of 
all kinds of materials used causes an increase in the amount of waste generated. The elimination 
of wastes without harming the environment and bringing them into the economy has made 
recycling inevitable. The metals, plastics, papers, textile wastes and other materials used can stay 
in nature for many years and reduce the fertility of the soil. The recycling rate of textile waste in 
Turkey is increasing day by day with the efforts of companies and scientific organizations and has 
reached the level of 70% [1]. 
 
The textile industry is one of the most important industries in the world and in Turkey, and it has 
become one of the most energy-intensive areas with the intensification of environmental processes 
and the wastes it produces. Cotton, one of the basic raw materials of textile production, is a natural 
fiber with a significant environmental impact throughout its entire life cycle. One of the most 
effective methods of minimizing these environmental effects is recycling [2]. 
 
The most important difficulties in cotton recovery in Turkey are the production of thick and low 
quality yarn with low added value and the low product structure. Waste/waste recycling has gained 
a new dimension in the world in recent years and obtaining high value-added products from waste 
has gained importance. According to the Council for Textile Recycling, textile recycling materials 
are classified in two groups as pre-consumer and post-consumer waste.  
 
Pre-consumer textile waste; are textile wastes generated during the production of fiber, yarn, 
textile, technical textile, nonwoven surface, ready-made clothing and shoes [3]. The study was 
carried out with this material.  
 
Post-consumer textile waste; all kinds of clothing and home textile products that the consumer no 
longer needs and decide to throw away fall into this group [3]. 
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Yarn quality plays an important role in the economic success of spinning mills and in maintaining 
this success. Therefore, in order to achieve better yarn quality results, it is of great importance to 
investigate the factors effecting yarn quality parameters [4]. Raw material, process control 
techniques and spinning parameters are the main factors effecting the final yarn properties. The 
working principles of the ring spinning system include drafting, twisting and winding steps, and 
the drafting step, which is among these processes, plays an important role on the quality values of 
the yarn. The drafting process components, especially the cot, have a significant impact on yarn 
quality and production costs in ring spinning. Since the cot is in direct contact with the fibers, its 
effect on the final yarn quality is significant [4]. 
 
There is a clip in the upper apron cage of the ring spinning machine. The clip colors change 
according to the fineness of the working yarn. The clip allows the pressure to be adjusted between 
the middle pressure roller and the draft roller. If there are no clips, the pressure between the aprons 
will deteriorate and there will be continuous breaks in the yarn. At the same time, poor quality 
yarn is produced [5].  
 
Considering all these, the aim of this study is to examine the effects of cots and clips, which are 
spinning elements in ring spinning machines, on yarn quality. 
 
2. EXPERIMENTAL 
 
14/1 Ne and 18/1 Ne yarns were produced on the ring spinning machine from the roving obtained 
from recycle cotton and regenerated cellulose fiber mixture. Yarn production has been done on 
Zinser Yarn machine. In the experiment, different hardness of exit cots were used. At the same 
time, clips of different height sizes were attached and then yarn tests were carried out. The IPI 
quality tests of the yarns rolled into bobbins were made on Uster Tester 6 and Uster Tensojet 
devices. 
 
U% is one of the important factors determining the quality of the product produced on the machine. 
The lower U% value means the better the quality. The opposite is also true. Another parameter 
that determines the quality of the produced product is the mass change coefficient (CVm). In order 
to obtain a product with the desired properties and quality, the coefficient of variation in the semi-
finished product must be in the acceptable range. Higher CVm in yarn means lower product 
quality. 
 
Uster % (U%), CVm (unevenness) and IPI (imperfection index) test measurements of Ne 14/1 and 
Ne 18/1 carded ring yarn samples used in this study were measured in Uster Tester 6 at 20±2ºC 
temperature and 65%±2 relative humidity values (standard atmospheric conditions) in a laboratory 
environment. 
 
For each trial, 5 measurements were made and the average of these measurements was taken. 
 
3.RESULTS AND DISCUSSION 
 
During the production of recycle cotton and regenerated cellulose fiber blended yarn, the effects 
of spinning elements such as cots and clips on the yarn quality and working performance in the 
spinning machine were investigated. 
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When the effect of the cots is observed as a result of the trials; It has been observed that up to a 
certain cot hardness, as the cot hardness increases, the IPI values of the yarns increase, that is, 
worsen, and as the cot hardness decreases, the yarn IPI values improve. 
 
The variability of U% and CVm values of carded ring yarns produced in Ne 18/1 number according 
to the cot hardness is presented in Table 1. 
 

Table 1. The Effect of Cot Hardness on Yarn IPI Values 
 

Yarn Ne: 18/1 Ring 
Cot Colors Cot Hardness (Shore)* Yarn U% Yarn CVm 
Grey Cot 83 17.64 23.48 

Brown Cot 75 16.11 21.18 
Green Cot 70 15.66 20.79 
Red Cot 65 15.99 21.25 

*As the numerical value increases, the cot hardness increases 
As seen in the table, the values improved as the cot hardness decreased until the red cot with a 
shore hardness of 65. However, values at 65 shore hardness began to be negatively affected. 
 
The decrease and increase in U% and CVm values of carded ring yarns produced in Ne 18/1 
number according to the cot hardness are presented in Figure 1. 
 

 
 

Figure 1. The Effect of Cot Hardness on Yarn IPI Values 
 

The variability of U% and CVm values of carded ring yarns produced in Ne 14/1 number according 
to the cot hardness is presented in Table 2. 

 
Table 2. The Effect of Cot Hardness on Yarn IPI Values 

 

Yarn Ne: 14/1 Ring 
Cot Colors Cot Hardness (Shore) Yarn U% Yarn CVm 
Grey Cot 83 17.72 24.05 
Green Cot 70 15.8 20.9 
Red Cot 65 16.14 21.97 
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Figure 1: The Effect of Cot Hardness on Yarn IPI Values - 18/1 Ne

Yarn U% Yarn CVm
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The same situation mentioned for 18/1 Ne yarn is also observed for 14/1 Ne yarn. When the values 
in the table are examined, the values improved as the cot hardness decreased until the red cot with 
65 shore hardness. However, the values started to be negatively affected in the red cot with 65 
shore hardness. 
 
The decrease and increase of U% and CVm values of carded ring yarns produced in Ne 14/1 
number according to the cot hardness are presented in Figure 2. 
 

 
 

Figure 2. The Effect of Cot Hardness on Yarn IPI Values 
 

In this study, technical information is given briefly to examine the effect of the clip. In the ring 
spinning machine, the drafting process is done between the roller pairs. The drafting region is the 
part where the draft is given to the roving sliver fed to the machine according to the desired yarn 
number. In this part, there are three draft rollers and three pressure rollers (cot). The draft rollers 
are metal and grooved. The pressure rollers (cots) are covered with rubber and take their movement 
from the drafting cylinders by friction. 
 
The cots, provide better opening and drawing of the fibers. Aprons have been placed on the middle 
pressure and draft rollers in order to ensure smooth drafting and avoid clutter in fiber delivery. 
Thanks to the aprons, the untwisted fiber bundle, which has reduced its strength and thinned is 
transported to a distance close to the exit cylinder in controlled and smooth manner. 
 
In the pre-drawing zone between the inlet rollers and the apron pair, the entanglement of the fibers 
is disturbed. The apron pair allows control of the fiber bundle over a larger area during drafting 
operations [5]. 
In order to continue experimenting with a single variable, the green cot was chosen, which was 
considered to be optimum in terms of both working performance and IPI values for both yarn 
counts. After then, clip tests were carried out on 14/1 Ne and 18/1 Ne yarns, on a fixed green cot. 
Observations of these experiments are shared. 
 
As the height of the clip increases, the pressure between the middle pressure roller and the drafting 
roller also increases. This increased pressure results in a decreased contact surface between the 
upper and lower aprons in the area leading up to the output roller. Due to this reduction in contact 
surface, the fibres pass through the machine less uniformly and with less control. On one hand, the 
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pressure between the middle pressure roller and draft roller rises, whilst on the other hand, the 
contact surface between the pair of aprons diminishes. As a result of this situation, there is an 
increase in the IPI values of the yarn being produced. Furthermore, there is an improvement in 
working performance. 
 
Conversely, as the clip height decreases, the pressure between the middle pressure roller and the 
draft roller decreases and the contact surface between the apron pairs increases. The increase in 
the contact surface provides a more uniform and more controlled passage of the fibers passing 
through this region. It is seen that the IPI values of the yarn are positively affected by this situation. 
 
Trials on 18/1 yarn were made with Black and Orange clips, which are thought to be suitable for 
this yarn number, and IPI values were examined.  
 
The variability of U% and CVm values of carded ring yarns produced in Ne number 18/1 green 
cot according to the clip used is presented in Table 3. 
 

Table 3. Effect of Clip Height on Yarn IPI Values 
 

Yarn Ne: 18/1 Ring 
Cot Color Clip Colors Clip Height (mm) Yarn U% Yarn CVm 

Green Cot 
Black 3.8 15.22 20.21 

Orange 4.4 15.66 20.79 
 

 
As indicated in Table 3, it is seen that the U% and CVm values of the black clip with a clip height 
of 3.8 mm are better than the U% and CVm values of the orange clip with a clip height of 4.4 mm. 
It can be said that the working performance of the yarn is negatively affected by this situation, 
while the values improve as the clip height decreases.  
 
The variability of U% and CVm values of carded ring yarns produced in Ne 18/1 green cot 
according to the clip used is visually presented in Figure 3. 

 
 

Figure 3. Effect of Clip Height on Yarn IPI Values 
 
Trials on 14/1 Ne yarn were made with Beige, Green and Violet-Pink clips, which are thought to 
be suitable and close to this yarn count, and IPI values were examined. The variability of U% and 
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CVm values of carded ring yarns produced in Ne 14/1 green cot according to clip color and thus 
clip height is presented in Table 4. 
 

Table 4. Effect of Clip Height on Yarn IPI Values 
 

Yarn Ne: 14/1 Ring 
Cot Color Clip Colors Clip Height (mm) Yarn U% Yarn CVm 

Green Cot 
Beige 4.8 17.37 23.36 
Green 5.5 18.6 24.96 

Violet-Pink 6.3 19.3 25.94 
 
When the data in Table 4 is examined, it is seen that the IPI values improve as the clip height 
decreases. On the other hand, when the working performance of the yarn is examined, it has been 
observed that the working performance of the yarn decreases as this height decreases. 
The variation of U% and CVm values of carded ring yarns produced in Ne 14/1 green cot according 
to clip color and thus mm distance is presented in Figure 4. 
 

 
 

Figure 4. Effect of Clip Height on Yarn IPI Values 
 

In the light of all this information, considering the effect of the clip, which is another spinning 
element, as the clip height (mm) increases; it is seen that the working performance has improved, 
but the IPI values of the yarn are negatively affected by this situation. Likewise, as the clip height 
decreases; It has been observed that the IPI values of the yarn have improved, but the working 
performance has been negatively affected by this situation. 
 
4.CONCLUSION 
 
In this study, it is aimed to produce ring yarn from the blend obtained as a result of the mixture of 
recycle fiber and regenerated cellulose fiber, which is brought into fiber form from pre-consumer 
textile wastes. In this context, various attempts were made to improve the yarn quality and working 
performance by looking at the effects of spinning elements such as cots and clips, which have 
different properties. 
 
As a result of the study; up to a certain cot hardness value, it has been observed that the decrease 
in cot hardness, negatively affects the working performance of the yarn, while it positively affects 
the yarn quality values. 
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When the effect of the clip was examined, it was observed that the increase in the clip height (mm) 
positively affected the working performance, but negatively affected the yarn quality values. 
 
Therefore, it is important to choose the cot and clip to be used depending on the properties of the 
yarn to be produced, in a way that will keep the yarn quality and working performance optimum. 
 
The hardness of the cot should be chosen according to the blend used and the final yarn to be 
obtained. 
 
In the same way, it is important to use clips in accordance with the fineness of the yarn produced 
and the blend used. 
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ABSTRACT 
 
In this study, poly(vinyl alcohol)/Nafion nanofibrous composite membranes were produced by electrospinning 
followed by physical stabilization, polymer coating and sulfonation. Morphology, methanol permeability and proton 
conductivity of the resultant membranes were tested. It was investigated that poly(vinyl alcohol) coated nanofibrous 
membranes had the highest proton conductivity and lowest methanol permeability and had a potential to be used as 
polymer electrolyte membrane for fuel cell applications.  
 
Key Words: Fuel cell, polymer electrolyte membrane, nanofiber, Nafion, poly(vinyl alcohol) 
 
1. INTRODUCTION 
 
The use of clean energy sources is now utmost important for a sustainable world in the fight against 
climate change and other environmental problems. With the developing technology, it is possible 
to produce environmentally friendly, reliable and efficient devices. One of them are fuel cells, 
defined as electrochemical cells in which the chemical energy of the fuel is directly converted into 
electricity in one-step for power generation [1, 2]. Among several types of fuel cells, polymer 
electrolyte membrane fuel cells (PEMFC) has found favor because of the advantages such as low 
operating temperature, high power density, flexibility of fuel type, etc. One of the most important 
components in PEMFC is the polymer-based membrane, known as the polymer electrolyte 
membrane (PEM), which acts as an electrolyte for protons and provides proton transfer. Another 
task of PEM is to prevent the permeation of fuel from the anode to the cathode [1, 3]. 
 
As of today's state of PEMFC technique, Nafion membranes are commercially available and the 
most widely used membrane material. However due to the several disadvantages of Nafion film 
membranes such as poor water management, high fuel permeability, etc., studies have been 
focused on the development of alternative new membranes [4, 5]. Among these studies, especially 
the development of nanofibrous composite membranes has become the focus of attention in recent 
years. In this study, poly(vinyl alcohol)/Nafion (PVA/Nafion) based nanofibrous composite 
membranes were produced by electrospinning method and their selected properties related to fuel 
cells were investigated. 
 
2. EXPERIMENTAL 
 
10% PVA (Mowiol ®20-98, 125000 g/mol) was dissolved in pure by stirring at 80°C for at least 
3 hours. Then, PVA solution were mixed with 5% Nafion 117 solution at a ratio of 50:50 by 
volume. Nanofibers were produced by electrospinning (Nanospinner, NS Plus) with the parameters 
of 18 kV voltage, 15 cm tip-to-collector distance and 0.7 ml/h flow rate. The resultant electrospun 
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nanofibers were thermally stabilized at 180°C for 1 hour, coated with PVA (using %5 PVA 
solution) or Nafion (using %5 Nafion 117 solution), and sulfonated by using 4-formyl-1,3-
benzenedisulfonic acid disodium salt, respectively, to produce composite nanofibrous membranes. 
SEM, proton conductivity (at 100 RH (%)) and methanol permeability tests were applied in order 
to investigate their usability in fuel cells. 
 
3. RESULTS AND DISCUSSION 
 
Figure 1 shows SEM images of PVA/Nafion nanofibrous membranes coated with different fillers. 
It was observed that the membranes coated with PVA had a smoother surface. On the other hand, 
Nafion penetrated into the membrane but PVA filler mostly stays on the surface. This is thought 
to be because of the higher viscosity of the PVA solution compared to Nafion solution due to the 
higher molecular weight of PVA. 
 

PVA/Nafion nanofibers PVA coated PVA/Nafion 
nanofibers 

Nafion coated PVA/Nafion 
nanofibers 

   
 

Figure 1. SEM images of PVA/Nafion nanofibers coated with PVA and Nafion 
 
Methanol permeability and proton conductivity of the nanofibrous membranes were given in Table 
2. It was shown that the methanol permeability of PVA coated PVA/Nafion nanofibers was the 
lowest, which was similar to the commercial Nafion membrane (1.4x10-6). During PVA coating, 
as shown in SEM images, the membrane surface was covered with a film layer, which possibly act 
as a barrier layer. In addition, the higher affinity of PVA for water than methanol [4] might assist 
to have a lower methanol permeability.  
 

Table 1. Methanol permeability and proton conductivity of PVA/Nafion nanofibrous membranes 
 

Sample Methanol permeability (cm2s-1) Proton conductivity (mS/cm) 

PVA/Nafion 3.8x10-5 - 
PVA coated PVA/Nafion 1.5x10-6 12.4 
Nafion coated PVA/Nafion 1.3x10-5 9.1 

 
Uncoated PVA/Nafion nanofibers could not provide proton conductivity. On the other hand, 
coated membranes had proton conductivity property and PVA coated membrane had higher proton 
conductivity than the Nafion coated one.  
 
4. CONCLUSION 
 
In this study selected properties of PVA/Nafion nanofibrous membranes coated with PVA or 
Nafion were investigated to investigate their possible application as a polymer electrolyte 
membrane. The results showed that the easily produced and relatively inexpensive nanofibrous 
PVA/Nafion composite membranes have the potential for direct use in fuel cell applications. 
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ABSTRACT 
 
Automotive seat covers are traditionally produced using jacquard and dobby weaving techniques. In the production 
of these fabrics, high density weave structures are commonly used to achieve successful results in abrasion and 
strength tests in accordance with automotive specifications. The necessity of meeting the test requirements in 
automotive seat cover fabrics is one of the factors that limit the design variability. Despite these limitations, customers 
always demand new design options. When it is predicted that autonomous vehicles will break into the market rapidly, 
it is believed that the amount of time driver and occupant spend inside vehicles will increase.  Automotive fabric 
manufacturers are also expected to contribute to creating a home or office comfort experience within the vehicle 
through fabric designs. In order to enhance this experience, the quilted fabric structures commonly found in home 
upholstery have been investigated. Pocket structures supported by filler yarns are frequently observed in matelassé 
fabrics. In the scope of this study, fabrics supported with filler yarns in three different pocket sizes were produced. 
Produced fabrics were evaluated for surface abrasion, horizontal combustion, and seam fatigue tests according to the 
specifications of a major automotive manufacturer. Based on the test results, the effect of the sizes of these structures 
on automotive fabric quality was investigated. 
 
Keywords: Automotive seat fabric, autonomous vehicles, matelassé fabric, weaving, pocket structures on weaving 
 
1. INTRODUCTION 

Automotive upholstery fabrics are composite structures consisting of surface fabrics, polyurethane 
lamination foam, and scrim layers, where flame lamination is used to combine these layers. The 
face fabric structures are produced to provide essential technical and aesthetic characteristics. In 
the production of these surfaces, PET-based air or friction-texturized yarns that meet automotive 
standards such as high abrasion resistance, flame resistance, and high lightfastness are commonly 
used [1]. Weaving machines with dobby or jacquard weaving techniques are generally used in 
fabric production, with pattern repeats such as double rips, panama, and twill. Although initially 
most of the automotive fabrics are jacquard woven structures producing using plain, dobby, or 
small-scale designs, trends and demands tend to move beyond traditional automotive patterns. 
Automotive companies or OEMs employ qualified textile designers to create designs and colors 
[2]. 

In the upcoming years, it is predicted that autonomous vehicle technology will increasingly 
dominate the automotive industry. Autonomous vehicles, equipped with automatic control 
systems, are capable of navigating, perceiving the road, traffic flow, and surroundings without the 
need for a driver's intervention [3]. As a result, it is anticipated that users of autonomous vehicles 
will be able to utilize their time during traffic by reading books or coordinating their work in the 
car. Consequently, the time spent by driver or occupent inside vehicles is expected to increase. 
Considering that 1/4 of the human body comes into contact with the seat, there is a need for designs 
in autonomous vehicles that create a home or office atmosphere. It is inevitable to improve the 
aesthetic and comfort properties of seat fabrics to achieve this atmosphere [3,4]  
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To create a home atmosphere in the vehicle, fabric structures used in home upholstery and bedding 
surfaces have been investigated for utilization of automotive seat cover fabrics. When examining 
these fabrics, it is observed that the structural characteristics or application processes mimic the 
irregular properties of natural textures. These fabrics, referred to three-dimensional, relief, or 
voluminous fabrics, achieve effects such as puffed, porous, or indented through the combination 
of structure and material. Matelassé fabrics, where the pocket or quilt effect is given to highlight 
the patterns, are among the most prominent representatives of relief fabrics. [5].  Matelassé fabrics 
are among the prominent representatives of relief fabrics. These fabrics can be produced using 
knitting or weaving techniques. When the matelassé fabric structures produced with the weaving 
technique are examined, it is observed that they are double-layered voluminous structures formed 
with at least two warps and two wefts. In these fabrics, the use of filling yarn between the fabric 
layers in the weft direction; in the warp, it has been observed that the warp yarns of different 
thicknesses forming the upper and lower series create a relief effect on the fabric due to the tension 
differences during weaving [6].  

In this study, inspired by matelassé fabric structures, double-layer fabrics supported with filler 
yarns in three different pocket sizes were produced. The produced fabrics were evaluated for 
surface abrasion, horizontal combustion, and seam fatigue tests according to the specifications of 
a major automotive manufacturer. The impact of pocket sizes on the test results was investigated. 

2. EXPERIMENTAL STUDY 
 
2.1. Materials 

 
In this study, double-layered automotive seat fabrics produced by filler yarn supported pocket 
structures, which contribute to the creation of home or office comfort with automotive seat fabrics, 
were used. The fabrics were produced on a double-beam, 66 warp density. 100% PES 150 Denier, 
450 Denier, and 1200 Denier filler yarns were used in the weaving process. 30 dens 4.1 mm PU-
based lamination foam and 40 gr/m2 PA-based scrim layer, produced by Martur Automotive 
Seating Systems, were laminated on the back of the fabric. Each fabric was treated in 70 degree 
open width washing and stentering processes under the same conditions.  
 

 
Figure 1. Weaving parameters of produced woven fabrics 
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2.2. Method 
 
2.2.1. Surface Abrasion Test 
 
Surface abrasion is the deformation that occurs as a result of the rubbing of one surface against 
another. During the time spent in a vehicle, upholstery fabrics are subjected to the friction caused 
by different materials worn by utilizers, making surface abrasion tests crucial for automotive 
upholstery. The test is performed by rubbing the abrasion fabric on the fabric surface for 10.000 
cycles under 1kg weight. 
 

 
Figure 2. Surface abrasion test machine 

 
 

2.2.2. Flammability Test 
 
The self-ignition rate of the test fabric is calculated in mm/min after it is ignited at predetermined 
intervals inside a special chamber. This is one of the tests that every automotive manufacturer 
emphasizes on. It is desired to have the shortest possible time for the flame initiated on the sample 
to reach a specified point inside the combustion chamber. Flammability tester is indicated in Figure 
3. 
 

 
Figure 3. Combustion chamber 

 
2.2.3. Seam Fatigue Test 

 
Seam strength is the resistance of the stitch to tearing when a force is applied perpendicular to the 
direction of the stitch on sewn fabrics. It is essential for the stitch to be made using the actual 
needle and thread. Seam strength is measured by applying it to samples cut in the lengthwise, 
crosswise, bias, and reverse bias directions. Seam fatigue test was performed according to 400 
cycles. 
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Figure 4. Seam fatigue test machine 

 
3. RESULTS AND DISCUSSION 
 
3.1. Surface Abrasion Test Results 
 
The surface abrasion resistance tests is performed separately on the produced fabrics. It is observed 
that the surface abrasion resistances of each fabrics produced using different pocket dimensions 
are similar. A major difference was not seen from the comparison of pocket structures. It has been 
observed that the 1st fabric, which has the largest pocket structure, has a little more fluff compared 
to the 2nd and 3rd fabric. However according to the surface abrasion test results, it has been 
observed that the pocket structure in all three fabrics meets the automotive standards. Evaluation 
was made according to the gray scale. 
 

Table 1. Surface abrasion test results 
 

 Surface Abrasion 
1kg, 10.000 cycles 

(TSL 2105G (4.7.3)) 
Design 1 4 
Design 2 4 
Design 3 4 

 
 3.2. Flammability Test Results 

In the flammability test each fabric were performed in the width direction. Each fabrics results 
were 70-71 mm/min in the flammability test. It is observed that pocket structures content fabrics 
show similar flammability behaviour.  

Table 2. Flammability test results 
 

 Flammability 
(TSM 0500G) 

(mm/min) 

Design 1 70  
Design 2 71  
Design 3 70  
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 3.3. Seam Fatigue Test Results 

It was observed that the increase in pocket structures did not adversely affect the sewing fatigue 
test result. 

Table 3. Seam fatigue test results 
 

 FATIGUE OF SEAMS 
400 CYCLES 
(D45 2024) 

(mm) 
Design 1 1,0 
Design 2 1,5 
Design 3 1,0 

 
 
4.  CONCLUSION 

In this study, inspired by matelassé fabric structures, three different pocket size of double-layered 
woven fabric supported with filler yarns were produced. In order to evaluate the adaptability of 
these structures to automotive, their performance in automotive standards was examined. Although 
it is thought that the increase in pocket length will negatively affect the combustion speed by 
creating an air gap, it has been observed that the difference of 0,78 cm does not affect the test 
result. It was also observed that there was no effect on seam fatigue and surface wear tests. When 
the test results were evaluated, it was observed that the pocket size would be between 0.62 cm - 
1.4 cm, it would be suitable for use in automotive standard and it could be an alternative to 
traditional automotive fabrics. 
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ABSTRACT 
 
Considering that the production of ready-to-wear is a labor-intensive sector, efficiency is crucial. In mass production, 
similar operations are done repeatedly, and it is not desirable to waste time with divisive works. One of the reasons 
that interrupt the sewing machine operator's work and cause wasted time is running out of thread on the bobbin. Since 
the bobbin is in the bobbin case located under the sewing machine table, it cannot be seen, and the remaining thread 
amount cannot be checked. This research is expected as a technological advance for an automated, unmanned sewing 
process that measures the amount of thread still in the bobbin. 
In this study, a system that measures the remaining thread amount is provided by an electrical signal with the help of 
a pin that enters the bobbin when the sewing process for detecting the remaining thread on the lower bobbin is 
completed and the thread wiper breaks the thread and warns the operator when it reaches the predetermined amount 
has been integrated into the sewing machines. Therefore, it is aimed to increase productivity by reducing time loss 
and to increase the quality of sewing, since no joints will be made in the seams. The lower bobbin measuring system 
integrated into the lockstitch sewing machine and compared with the conventional method, it is seen that the system 
that measures the lower bobbin thread amount reaches the breakeven point in nine months.  
 
Key Words: Sewing, bobbin thread, denim, automation 
 
1. INTRODUCTION 
 
The future of the global textile and clothing (T&C) industry is a key topic of discussion. This 
fourth industrial revolution is a paradigm shift that has the potential to create the "smart factory" 
of the future by fusing the real and digital worlds [1]. 
The sewing process is one of the most time-consuming process in the manufacturing process of 
textile products. Due to the recent rise in labor costs, sewing costs are gradually rising. Along with 
the 4th industrial revolution, automation of the sewing process and smart factories are expected. 
Applying intelligent sensor technology to the sewing machine is essential to make the garment 
factory intelligent [2]. 
 
Due to the wide range of styles and fabric options available for the products, apparel manufacturing 
has always been labor demanding. To conduct consistent operations over a wide range of styles, 
most sewing machine manufacturers and several larger apparel firms have created semi-automated 
sewing stations. Since it affects the price of producing and distributing textile products, predicting 
sewing thread consumption demands an accurate computation approach. Researchers in the past 
have called attention to issues with the formulas used to calculate the amount of thread needed for 
sewing activities, including their restrictions. Due to a lack of knowledge about crucial factors that 
affect thread consumption, the current methods of consumption calculations display high error 
rates [3].   
 
One of the important considerations in the purchase of thread is the prediction of sewing thread 
consumption. 
 
For their logistics and purchasing operations for thread, both garment makers and thread suppliers 
in the apparel sector forecast the amount of thread that will be used per unit length of the stitch. 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

192 
 

For both clothing manufacturers and sewing thread makers, erroneous thread consumption 
projections result in inaccurate costs and lower warehouse utilization [4]. 
 
Time losses related to the bobbin in mass production can be classified as follows. 
 

1. Personnel notice the thread end of the lower bobbin during operation and when sewing is 
not performed. 

a. Since re-joining the sewing place is unsuitable in terms of quality, dismantling is 
done. 

b. and the operation starts from the beginning. 
2. The operator continues to sew without noticing that the lower bobbin has run out of thread, 

and more than one job (piece) is progressing without sewing. 
a. When this is noticed, how many pieces are detected and moved in the opposite 

direction of the belt flow. 
b. Since no additional stitching can be done, the dismantling process takes place. 
c. The same operations are repeated. 
d. There may be a meta confusion. 

3. When the lower bobbin runs out, if there is no threaded bobbin in reserve, time is wasted 
in winding the bobbin. 
 

In this study, a system includes, a lower thread detection device for detecting a lower thread wound 
around a bobbin each time a sewing machine stops driving, comprising: a detection pin extending 
from the outer periphery toward the center in the radial direction of the bobbin; A moving means 
for moving the bobbin toward a center of the bobbin, a contact switch for detecting movement of 
the detecting pin, and a position adjusting knob for adjusting the position by screw feeding the 
contact switch in the moving direction of the detecting pin lower thread detecting device that 
measures the remaining thread amount with an electrical signal and warns the operator when it 
reaches the predetermined amount [5], with the help of a pin inserted into the bobbin, is integrated 
into the sewing machines while the sewing process for the detection of the remaining thread on 
the lower bobbin is completed and the thread wiper breaks the thread [6]. Thus, it is aimed to 
increase productivity by reducing time loss and to increase the quality of sewing, since no joints 
will be made in the seams. 
 
2. EXPERIMENTAL 
 
There are numerous distinct types of seaming have been devised for various sewing applications 
[7]. Due to the intense use of denim and non-denim sewing operations, the DDL-8700 model 
lockstitch sewing machine was selected for the integration of the bobbin thread detection device 
from Juki, Japan. Bobbin thread detection device was supplied by Shiro International Co., Japan. 
60 tex polyester for the lower bobbin and 105 tex polyester for stitching threads were supplied 
from Coats, UK. Indigo-dyed denim fabric was purchased from Matesa Denim AŞ., Turkey. The 
weight of the fabric is 12 oz/yd2. It has a 3/1 Z twill weave structure, and 98/2% - CO/EL fabric 
composition.  
 
In order for the measuring pin to measure the remaining thread amount, a hole is drilled into the 
bobbin case so that the pin can enter (Figure 1).  
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Figure 1. A hole was drilled in the bobbin case 

 
The bobbin checker functions by an electric circuit and an air electromagnetic valve. The 
measurement pin was powered by DC24V from the sewing machine. The pressure of the air valve 
was set to 0.3 MPa. Electrical wires from the bobbin checker were connected to the control box of 
the sewing machine. The measuring pin was inserted into the inside of the hook/bobbin case and 
physically detects the remaining amount of bobbin thread. The determined amount of remaining 
bobbin thread on the bobbin is adjustable to specific requirements by adjusting the position of the 
limit switch. Figure 2 shows the image of the bobbin thread detection system assembled on the 
sewing machine. 
 

 
Figure 2. Bobbin thread detection system 

Denim fabrics were cut according to the determined design. Then, the assembly processes of the 
fabrics were carried out on the lockstitch sewing machine according to 301 stitch types. The 
processing times of the fabrics repeatedly sewn on the sewing machine with the lower bobbin 
thread warning system and the standard lockstitch sewing machine were compared. Table 1 
includes the experiment plan. 

 

 

 

 

 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

194 
 

Table 1. Experimental plan 

Code Operation  Stitch 
type 

Number 
of 
needles 

Number 
of 
stitched 
fabrics 

Bobbin 
Changing 
Type 

Thread 
Size 
(tex) 

M1 Bottom 
hem sewing  

301 2 483 Conventional 60 

M2 Bottom 
hem sewing 

301 1 404 Conventional 60 

M3 Bottom 
hem sewing 

301 1 347 Bobbin 
checker 

60 

M4 Inseam 301 1 269 Bobbin 
checker 

50 

M5 Inseam 301 1 256 Conventional  50 

3. RESULTS AND DISCUSSION  

Table 2 shows the time study results of repeated sewing operations with the selected models. 

Table 2. Process time difference study results 

Code Operation  Bobbin Change 
Times (sec) 

Total seam 
removal time 
(sec) 

Number of 
stitched 
fabrics 

M1 Bottom hem 
sewing (2-
needle) 

740,76 4108,06 483 

M2 Bottom hem 
sewing 

332 753,5 404 

M3 Bottom hem 
sewing 

289,2 25,8 347 

M4 Inseam 879 49,7 269 

M5 Inseam 1064 891 256 

The average dismantling time for each product of the samples sewn on the sewing machines 
without the lower bobbin warning system was calculated according to formula 1. 

ad =  
ୟ ୠ⁄


ad =

(ୟ-ୠ)


     (1) 
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Where,  

a is the total seam removal time, 

b is the number of stitched fabrics and, 

ad is the average dismantling time.  

The daily labor loss of a company that produces an average of 2000 products per day is calculated 
according to formula 2.  

 l =  
(ୟୢ*ଶ)

ହସ
     (2) 

Where,  

l is labor loss  

When calculations are made according to formulas 1 and 2 for the trials with code numbers M1, 
M2, and M3, the results in Table 3 are obtained. 

Table 3. Lost labor results for samples 

Code Average dismantling time 
per sample (min) 

Labor loss (daily) 

M1 0,14 0,52 

M2 0,031 0,11 

M3 0,001 0,005 

M4 0,003 0,011 

M5 0,058 0,214 

Upon reviewing the results, it has come to attention that the M1 coded trial experienced the most 
labor loss. It was concluded that the reason for this is due to the use of double needle stitching in 
addition to the conventional method. It took a longer time to remove the unfinished double needle 
stitch when the lower bobbin was finished, as compared to single needle stitching. 

When the M2 and M3 trials are compared, it is seen that the loss of labor due to wrong sewing has 
decreased by 95%. Similar results obtained for the M4 and M5 trials comparison. Labor loss was 
reduced by 94%. Regarding the effect of sewing thread count on the bobbin change time and labor 
loss, it was found that decreasing the thread count resulted in longer bobbin change times, but also 
caused an increase in labor loss due to the inseam stitch being longer than the bottom hem sewing 
stitch. 
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4. CONCLUSION 

The fourth industrial revolution is anticipated to bring about the automation of the sewing process 
and the smart factory. Applying smart sensing technology to the sewing machines is crucial for 
making the sewing factories intelligent. 

In this study, the conventional lockstitch sewing machine has been modified and a system 
integration has been made that warns the personnel about the thread remaining on the lower bobbin 
is close to running out. The advantage of the modified machine over the conventional method was 
determined by the labor force and dismantling time. The developed system provided a 95% 
advantage over the conventional method in terms of labor-loss. The Textile & Clothing industry 
needs to stop being a labor-intensive industry in the increasingly widespread industry 4.0 era and 
adapt to digitalization with such minimal integrations. 
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ABSTRACT 
 
Due to the depletion of natural resources and climate change, sustainability and recycling of textile wastes have 
become part of the agenda all over the world. However, reuse or recycling of consumed products is still at very low 
levels. 
Within the scope of this study, pre-consumer cotton textile wastes such as cutting scraps, ball heads or damaged 
fabrics, which are released during textile production in the industry, are transformed into fibers and mixed with natural 
colored cotton fiber, raw cotton fiber and viscose fiber Breaking strength, breaking elongation, yarn count and uster 
tests of the resulting yarns are reported.  
 
Keywords: Sustainability, Natural colored cotton, Recycled cotton. 

1. INTRODUCTION  
Sustainability is of great importance for the producer and the final consumer in the textile 
industry[1]. While developing and growing economically, it should be one of the most realistic 
responsibilities of all countries to make important moves in terms of sustainability, to be 
responsible for the environment, society and the ecosystem. It is necessary to constantly find 
solutions to reduce the damage of this effect. 
 
There are four main approaches to sustainable textile production which are summarized below: 

1. Substitution of Fibers: Synthetic fibers from renewable resources are seen as more 
sustainable alternatives in the future to replace natural fibres. For example, cellulose-
based Lyocell and Qmilch fibers from milk protein are considered alternatives from 
renewable resources [2]. 

2. Integrated Production of Natural Fibers: The integrated production system works on 
reducing environmental impacts by using less pesticides, fungicides, chemical fertilizers 
and water. Certification systems such as "Cotton made in Africa" and initiatives such as 
the "Better Cotton Initiative" provide examples of this approach [3]. 

3. Organic Fibers: Organic cotton production aims to produce cotton through a material 
flow that is compatible with the natural environment. Chemical fertilizers, drugs and 
genetically modified organisms are not used [3]. 

4. Using Recycled Fibers: Recycling cotton is still underutilized by textile and apparel 
manufacturers and retailers. While polyester is the most widely used material in recycling 
applications, recycling cotton is still a new topic [4]. 

 
The goal of the current work is to help minimize the use of chemicals in cotton production and to 
highlight the importance and feasibility of the use of more renewable materials by analyzing the 
key properties of various mixtures of recycled cotton fibers. 
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2. MATERIALS AND METHODS 
 
In the current work, recycled cotton fiber, natural colored cotton fiber, raw cotton fiber and viscose 
fiber were used. Recycled cotton fiber was blended with other fibers in five ratios ( %50-50, %60-
40, %70-30, %80-20, %90-10), resulting in 15 different fiber mixtures. Three different yarn counts 
were obtained from the blended fibers (Ne16, Ne20, Ne24), resulting in a total of 45 different 
yarns. The yarns obtained were subjected to the following tests: tensile strength and elongation, 
Uster evenness test and yarn count test. 30 cm knitted fabrics were produced from Ne20 number 
yarns for visual evaluations. 
 
3. RESULTS 
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4. CONCLUSION AND DISCUSSION 
 
Thanks to the data we obtained from the statistical evaluation in all mixing ratios, the following 
inferences were made: 
 

1. When the breaking strength values are examined: Using yarn count Ne24, raw 
cotton/recycled cotton as raw material, 90/10 as a blending ratio for double blends and 
40/40/20 for triple blends produced the highest breaking strength. 

2. When the elongation at break values are examined: Using yarn count Ne20, 
viscose/recycled cotton as raw material, 90/10 as a blending ratio in double blends and 
40/40/20 as a blending ratio in triple blends produced the highest elongation at break. 

3. When the irregularity (%CV) values are examined: Using yarn count Ne20, raw 
cotton/natural colored cotton/recycled cotton as a raw material, 30/30/40 as a blending 
ratio and 50/50 (viscose/recycled cotton) as a blending ratio for binary blends produced 
the highest unevenness. 

4. When the hairiness (H) values are examined: Yarn count Ne16, as raw (virgin) 
cotton/natural colored cotton/recycled cotton, as a blending ratio of 30/30/40 and in 
binary blends as a blending ratio of 50/50 (raw (virgin) cotton/recycled cotton) out 
produced the highest hairiness. 

While yarn count, raw material variety and raw material ratio do not affect each other, i.e., they do 
not show any interaction effects in terms of breaking strength, elongation at break and hairiness; 
yarn count and raw material variety show an interaction when examining unevenness. 
 
The results of the tests in this study are of great importance, especially in terms of sustainability. 
Two major problems in the textile industry have been addressed from different perspectives. First, 
ideas are given about the use of waste that emerges during the pre-consumer production phase. 
Secondly, colored yarns and fabrics were obtained by mixing natural colored cotton fiber with raw 
cotton fiber in order to eliminate dyeing and chemical washing processes that cause serious carbon 
footprints in the textile industry. The prototypes were subjected to the necessary tests and were 
deemed suitable for usability. Thanks to the necessary reinforcements in the future, yarns and 
fabrics that can have serious repercussions in the textile industry have been obtained. 
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CLEANER PRODUCTION PRACTICES IN THE TEXTILE SECTOR 
 

Hüseyin Karışlı 
Erka Mühendislik Ltd. Şti., Türkiye 

 
Republic of Turkey 
MINISTRY OF ENVIRONMENT, URBANIZATION AND CLIMATE CHANGE 
General Directorate of Environmental Management 
 
Reference: 41203884-010.06/5406660       
Clean Production Practices in the Textile Sector 
CIRCULAR 
(2022/20) 

 
As known, efforts related to minimizing industrial pollution, reducing pollution at its source, 
minimizing adverse environmental impacts, and ensuring environmentally compatible 
management are conducted by our Ministry within the framework of the Environmental Law No. 
2872 and the regulations issued based on it. 
 
This Circular has been prepared with the aim of implementing clean production technologies for 
the textile sector activities to minimize their potential adverse effects on the environment, prevent 
air and water pollution, and reduce water and energy consumption. 
In this context, all textile facilities engaged in any of the following activities without capacity limit, 
such as the production of textile materials (fiber, filament, yarn, fabric, including non-woven 
fabrics), textile pre-treatment (washing, including scouring, bleaching, mercerization, etc.), 
printing and dyeing processes, as well as all textile facilities involved in fabric mercerization, are 
included: 
 

      
1. To reduce energy consumption and air emissions, the following techniques must be 
applied: 
1.1. Continuous measurement of the humidity content of the air discharged from the scutching 
machines (rameuses) and optimizing humidity levels accordingly. 
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1.2. The energy consumption per MWh for 1 ton of textile production at the facility:  
1.2.1. Shall be reported to the Provincial Directorate every year before March 31st, starting from 
the publication date of this Circular, based on data from the previous calendar year. 1.2.2. Shall be 
minimized through methods such as insulation, the use of mechanical pre-drying (squeezing) 
devices, optimization of flame burners and air direction systems in the scutching machines. 
 
 
 
 
 
 
 
 
 
 
 
 
1.3. Adherence to the principles for reducing VOC (Volatile Organic Compound) emissions 
originating from scutching, printing, dyeing, and drying stacks in units where thermal processes 
related to coating, dyeing, lamination, printing, and finishing occur. 
1.3.1. Ensuring that the Total Organic Carbon (TOC) emission quantity does not exceed 20 
mg/Nm³. 
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1.3.1. Ensuring that the Total Organic Carbon (TOC) emission quantity does not exceed        20 
mg/Nm³. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  
Yeni ErkaMaX KARE FİLTRASYON SİSTEMİ
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a) Pre-washing to remove spinning oils and waxes from the fabric, thereby reducing the pollutant 
emission load. 
b) Implementation of exhaust gas treatment systems that allow for separate collection of oils and 
enable energy recovery in the control of stack gas emissions. These systems may include 
techniques such as thermal combustion, catalytic combustion, oxidation techniques like heat 
exchangers, condensation techniques incorporating systems like wet scrubbers, electrostatic 
precipitators, and Volatile Organic Compound (VOC) removal techniques like activated carbon. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.4. Implementation of particulate matter removal techniques, such as cyclones, electrostatic 
precipitators, or bag filters, in drying stacks (excluding scutching) to ensure that the dust emission 
quantity does not exceed 10 mg/Nm³. 
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1.5. Using water-based or synthetic organic oil-based knitting oils with high biodegradability, 
which result in fewer air emissions and less odor than mineral oil in knitting machines and can be 
removed in the washing process before thermo-fixation. 
 

 
 
 
 
 
1.6. Utilizing closed-loop equipment and advanced oxidation processes to reduce/prevent air 
emissions resulting from halogenated solvents in wool pre-processing. 

 
 

 
 
 
 
 
 

KNITTING OIL 

Water Based or Organ൴c O൴l Based 
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1.7. Continuous monitoring of emission control systems by Provincial Directorates through online 
monitoring using appropriate information technologies to ensure that they are operating 
continuously. 
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To reduce water consumption and pollutant load in wastewater, the following techniques are 
mandatory: 
2.1. Use of techniques in textile facilities engaged in dyeing that involve color removal in dye bath 
wastewater, enabling the reuse of brine (salty water) in fabric dyeing and washing. 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                     
 
 
 
2.2. The use of brine (salty water) obtained after appropriate removal of the ions contained in the 
regenerant used in water softening systems, in the regeneration process or in suitable processes. 
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2.3. Monitoring the hardness level of the softened water (output water) and the washing water after 
regeneration with hardness sensors in water softening systems, allowing for the optimization of 
rinsing times and regeneration frequencies to prevent the use of higher quality water than 
necessary. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
2.4. Regular tracking of water consumption on a process basis within the facility, continuous 
monitoring of total wastewater discharge flow, establishment of a monitoring system for these 
purposes, and maintenance of monitoring records. 
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2.5. Facilitating the reuse of treated wastewater in possible areas after purification to conserve 
water and energy, collecting and reusing cooling water and low pollutant load wastewaters as 
separately as possible. 
2.6. Using water flow control devices and automatic shut-off valves in machines that operate 
continuously. 
 
2.7. Employing distribution systems where chemicals are distributed in separate lines and mixed 
immediately before application. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.8. In facilities where mercerization is carried out, recovering caustic from mercerization rinsing 
water through methods like evaporation, membrane filtration, or reusing caustic-containing 
wastewaters in other pretreatment processes. 
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2.9. In regions with limited water resources, ensuring that facilities operating within an Industrial 
Zone (OSB) source their process water needs from the Industrial Zone, as well as facilitating the 
reuse of treated wastewater from the Industrial Zone's wastewater treatment facility. 
 

 
 
 
The provisions mentioned above must be implemented as follows: 
 

- Facilities with an installed capacity of 10 tons/day or more: Starting from January 15, 2024. 
- Facilities with an installed capacity between 5 tons/day and 10 tons/day: Starting from January 

15, 2025. 
- Facilities with an installed capacity of less than 5 tons/day: Starting from January 15, 2026. 
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These timeframes may be advanced and stricter limit values may be set based on the local 
Environment Council decision, considering the local air quality and water resources. 
 
Facilities falling under the scope of this Circular are obliged to submit their work termination plans 
to the provincial directorates within three months from the publication date of this Circular. The 
implementation of these Work Termination Plans should be monitored by the Provincial 
Directorates, and developments must be reported to the Ministry by March 31st each year. 
 
I request the information and requirements. 
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1. INTRODUCTION 
 
Day by day, our sensitivity to the environment is increasing with the increase in social awareness. 
accordingly, not only as consumers but also as producers, we are oriented towards more 
environmentally friendly products in almost every field. When we consider textile wet treatment 
processes, the textile is one of the most environmentally damaging industries. Therefore, more 
environmentally friendly approaches are gaining importance in the textile industry day by day. 
Briefly, when he conventionally used wet processing processes are examined, we come across 
impregnation and exhaust methods. these methods, which are very widely used, use a large amount 
of water, chemicals, and energy, while leaving a large amount of wastewater to the environment. 
When the methods that will be an alternative to these methods are examined, it can be seen that 
the foam application method gets popular [1]–[6]. To make more environmentally friendly 
applications in the textile industry, the bleaching and dyeing processes were carried out with the 
foam application method within the scope of the study. The effects of the concentrations of the 
chemicals used in the bleaching processes and the % pick-up values on the bleaching process were 
examined. In order to make a comparison, the bleaching and dyeing processes were carried out 
with conventional impregnation and exhaustion methods as well as foam application method. 
When the data obtained accordingly were examined, it was seen that the desired Berger whiteness 
index values could be achieved with the foam application method. As for the foam dyeing, the 
dyeing process carried out successfully and it was seen that it can be used as an alternative method 
to the conventional dyeing processes. 
 
2. MATERIAL AND METHOD 
 
2.1. Material 
 
The raw and bleached Ne 30/1 suprem knitted fabrics were used in the study. In the study, 
peroxide, NaoH, wetting agent, sequesting agent, foaming agent and stabilizer was used in the 
foam bleaching process. In addition, Setazol Golden Yellow NG Conz, Setazol Navy WRG Conz, 
Setazol Red NG Conz dyes, and NaOH, soda, foaming agent were used in the foam dyeing 
processes. 
 
2.2. Method 
 
The bleaching and dyeing recipes for the foam application methods are given in Table 1. The foam 
formation for both bleaching and dyeing was achieved by mixing with a mixer at 3000 rpm. The 
blow ratio of the foam was 1/8. The foam was transferred onto the fabric using a laboratory type 
coating machine. The foam was transferred onto the fabric via knife over air coating method and 
the coating thickness was adjusted as 0.05 mm. After the foam application, the fabrics were 
steamed with saturated steam at 102°C during 5 minutes for fixing of reactive dyes and activating 
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of the bleaching recipes. After both bleaching and dyeing processes, the fabric washed in five steps 
and dried at 120°C for 4 minutes on the laboratory stenter. 
 

Table 1. The content of bleaching and dyeing recipes 
Bleaching Recipe Dyeing Recipe 

Chemical Concentration (g/L) Chemical 
Concentration  

(g/L) 
NaOH 50-60-70-80-90-100-110-120 Setazol Golden Yellow NG conz 2.25 

Peroxide 50-60-70-80-90-100-110-120 Setazol Navy WRG conz 16.5 

Wetting agent 2 Setazol Red NG conz 8 

Sequesting agent 1 NaOH 25 

Foaming agent 50 Soda 100 

Stabilizer 4 
Foaming agent 30 
Wetting agent 2 

   
2.3. Test and Analyses 
 
The bursting strength (TSE EN ISO 13938-2), pilling (TS EN ISO 12945-2), abrasion resistance 
(TS EN ISO 12947-2), whiteness value, color measurement and hydrophilicity tests for bleached 
fabrics, and the color fastness to washing (TS EN ISO 105-C06), water (TS EN ISO 105-E01) and 
perspiration fastness tests (TS EN ISO 105-E04) and color measurements were carried out for dyed 
samples. 
 
3. RESULT 
 
3.1. The Determination of Bleaching Processes 
 
The Berger value of the fabrics was measured after bleaching with foam application. It was seen 
that the Berger value of the conventional bleached fabric 69.40 (Table 2), while the Berger value 
of the fabrics reached up to 56,23 with the foam application method. Though foam bleaching 
method had less Berger value than the conventional method, it could be said that the Berger value 
of the foam bleached fabric could reached desired Berger value by optimizing operating conditions 
(% pick-up, concentration and etc.) 
 

Table 2. The Berger values of the bleached fabrics 

Berger 
Value 

Untreated 
Reference 

(Conventional 
bleaching) 

NaOH/ Peroxide Concentration 
g/L 

50/50 60/60 70/70 80/80 90/90 100/100 110/110 120/120 
10.10 69.40 56.23 54.05 55.23 48.78 42.08 46.74 49.23 45.95 

 
On examining of the burst strength of the bleached fabric (Table 3), the burst strength of the foam 
bleached fabric was 458.2 kPa while the burst strength of the conventional bleached fabric was 
430.50 kPa. It could be concluded from that the bleaching process with foam application causes 
less damage to the fabric than the bleaching process performed by the conventional method. 
 

Table 3. The Burst strength of the bleached fabrics 

Burst 
Strength 

Reference 
(Conventional 

bleaching) 

Foam Application 
NaOH/ Peroxide Concentration 

(g/L) 
50/50 60/60 70/70 80/80 90/90 100/100 110/110 120/120 

430.5 445.6 441.6 458.2 452.0 444.5 433.8 432.7 437.9 
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The pilling tests were applied at 250-500-1,000-1,500 and 2,000 revolutions to the bleached fabrics 
(Table 4). The pilling result results showed that there was not any difference at all revolutions. 
 

Table 4. The pilling values of the bleached fabrics 
Sample Revolutions 

250 500 1000 1500 2000 
Untreated 5 5 4/5 4/5 4 

Reference (Conventional bleaching) 5 5 5 4/5 4/5 

Foam Application 
NaOH/ Peroxide 
Concentration 

(g/L) 

50/50 5 5 5 4/5 4/5 
60/60 5 5 5 4/5 4/5 
70/70 5 5 5 4/5 4/5 
80/80 5 5 5 4/5 4/5 
90/90 5 5 5 4/5 4/5 

100/100 5 5 5 4/5 4/5 
110/110 5 5 5 4/5 4/5 
120/120 5 5 5 4/5 4/5 

 
The abrasion resistance tests were applied at 250-500-1000-1500-2000-3000-4000-5000-6000 
revolutions to the bleached fabric (Table 5). The abrasion resistance results showed that there was 
no difference at any revolutions between samples.  
 

Table 5. The Abrasion resistance values of the bleached fabrics 
Sample Revolutions 

250 500 1000 1500 2000 3000 4000 5000 6000 
Untreated 5 5 5 4/5 4/5 4/5 4 4 4 

Conventional bleached fabric 5 5 5 5 4/5 4/5 4/5 4 4 

Foam 
Application 

NaOH/ Peroxide 
Concentrations 

(g/L) 

50/50 5 5 5 5 4/5 4/5 4/5 4 4 
60/60 5 5 5 5 4/5 4/5 4/5 4 4 
70/70 5 5 5 5 4/5 4/5 4/5 4 4 
80/80 5 5 5 5 4/5 4/5 4/5 4 4 
90/90 5 5 5 5 4/5 4/5 4/5 4 4 

100/100 5 5 5 5 4/5 4/5 4/5 4 4 
110/110 5 5 5 5 4/5 4/5 4/5 4 4 
120/120 5 5 5 5 4/5 4/5 4/5 4 4 

 
3.1. The Determination of Dyeing Processes 
 
The CIELab values obtained from the dyeing recipe according to the exhaustion method were 
accepted as the reference color, and the fabrics dyed according to the foam application method 
were compared with the reference one (Table 6). When the CIELab values are examined (Table 
6), it is thought that there is a color difference between the reference sample and the color of foam 
dyed samples. According to the results shown in Table 6, the foam dyed samples is lighter than 
the conventional ones.  In addition, the novel samples are measured greener and bluer than the 
samples dyed according to the conventional ones. The calculated dE values is very high, it means 
that there is important color differences between the samples dyed with foam and conventional 
techniques. The color strength of foam dyed samples is less than the conventional because the 
adsorption, exhaustion and fixation of the dye molecules become weaker.  According to the results, 
the dyeability of the specimens with foam application was proved although color differences. 
 
 
 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

216 
 

 
 Table 6. Color measurement of the dyed fabric 

Dyeing Method 
CIELab Values Color Difference Values 

L* a* b* dL* da* db* dE 
Exhaustion 20.19 2.39 -12.80 - - - - 

Impregnation 20.59 2.45 -12.89 0.40 0.06 -0.09 0.41 
Foam 24.70 0.13 -13.99 4.33 -2.14 -1.59 5.08 

 
The burst strength of the untreated raw fabric 408.3 kPa. After dyeing process, it was seen that 
burst strength values of the fabric reduced. The burst strength values of the dyed fabrics were 342.1 
kPa, 340.7 kPa and 375.7 kPa for foam, exhaustion and impregnation dyeing methods, respectively 
because of chemical applications. We could not find dramatic differences between the 
performances of the samples in terms of dyeing methods.   
 
The pilling tests were employed at 250-500-1000-1500 and 2000 revolutions to the dyed fabrics 
(Table 7), and the abrasion resistance of the dyed fabric were showed in Table 8. The abrasion 
resistance tests were applied at 250-500-1000-1500-2000-3,000-4000-5000-6000 revolutions to 
the dyed fabric (Table 8). The results showed that there was not any difference at all revolutions 
for two tests. 

Table 7. The Pilling values of the dyed fabric 

Dyeing Method 
Revolutions 

250 500 1000 1500 2000 
Exhaustion 5 5 4/5 4/5 4 

Impregnation 5 5 4/5 4/5 4 
Foam 5 5 4/5 4/5 4 

 
Table 8. The Abrasion resistance values of the dyed fabric 

Dyeing Method 
Revolutions 

250 500 1000 1500 2000 3000 4000 5000 6000 
Exhaustion 5 5 5 5 4/5 4/5 4 4 4 

Impregnation 5 5 5 5 4/5 4/5 4 4 4 
Foam 5 5 5 5 4/5 4/5 4 4 4 

 
The color fastness to washing performances of the dyed fabrics were given in Table 9 and there 
was not any difference regardless of the dyeing method.  
 

Table 9. The Color fastness to washing of the dyed fabrics 

Dyeing Method 
Color Fastness to washing 

Wool Acrylic Polyester Nylon Cotton Acetate 
Exhaustion 5 5 5 4/5 4/5 5 

Impregnation 5 5 5 4/5 4/5 5 
Foam 5 5 5 4/5 4/5 5 

 
The color fastness to water of the dyed fabric was given in Table 10. According to the results, the 
fastness performance did not dramatically change with foam dyeing methods.  
 

Table 10. The Color fastness to water of the dyed fabrics 

Dyeing Method 
Water Fastness 

Wool Acrylic Polyester Nylon Cotton Acetate 
Exhaustion 2 4/5 4 2/3 3 4 

Impregnation 2 4/5 4 2 3 4 
Foam 2 4/5 3/4 2/3 3 4/5 
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The color fastness to perspiration values of the dyed fabrics were given in Table 11 and Table 12. 
The fastness evaluation of the dyed fabric (acid) showed that impregnation method had the best 
fastness value. There are no important differences between the exhaust and foam dyed samples. 
However, the half grade differences were measured for the fastness evaluation of the dyed fabric 
(alkaline) and it was determined minor variation in term of dyeing method.  
 

Table 11. The color fastness to perspiration of the dyed fabrics (acid) 

Dyeing Method 
Acid 

Wool Acrylic Polyester Nylon Cotton Acetate 
Exhaustion 1 4 3/4 1 1 2 

Impregnation 3 4/5 3/4 2/3 3 3/4 
Foam 1 4 4 2/3 2 2/3 

 
Table 12. The color fastness to perspiration of the dyed fabrics (alkaline) 

Dyeing Method 
Alkaline 

Wool Acrylic Polyester Nylon Cotton Acetate 
Exhaustion 2 4/5 4 2/3 3 4 

Impregnation 2 4/5 4 2 3 4 
Foam 2 4/5 3/4 2/3 3 4/5 

 
After the dyeing process, a drop test was performed on the dyed fabrics to examine the 
hydrophilicity behavior of the fabrics (Figure 1). When the results obtained were examined, it was 
determined that all dyed fabrics and PFD (prepare for dying fabric) were hydrophilic regardless of 
the dyeing process method and the water drops showed a circular and homogeneous distribution 
on the fabric surface. 
 

 
Untreaed fabric 

 
PFD fabric 

 
Exhaustion 

 
Impregnation 

 
Foam Application 

 
Figure 1. Hydrophilicity behavior of the fabrics 

 
4. CONCLUSION 
 
In the study, the bleaching and dyeing processes were carried out by foam application method, 
which is an alternative method to the conventional wet processes. The data obtained from foam 
applications were compared with conventional methods. Accordingly, it was determined that the 
bleaching and dyeing can be performed with foam application method. However, it was also seen 
that the recipe maintenance studies must be research for the successful wet processes via foam 
compared with conventional methods. In addition, it is thought that the water, energy, chemical 
and dye consumptions, and wastewater potential can be significantly reduced by spreading of this 
method in the textile industry.  
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ABSTRACT 
 
In this study, core/sheath bicomponent yarns were produced by adding titanium dioxide (TiO2) and triazine based UV 
absorber at different dosages to the core and the sheath side of the yarn, respectively. Standard textile analysis such as 
elongation at break, tenacity, dtex and shrinkage were applied to 5 yarns produced with different additive 
combinations. Also, differential scanning calorimetry (DSC) analysis was performed on all samples to determine 
thermal properties. The UV weathering test was applied to the yarns for 1000 hours according to ISO 105-B04. It was 
observed that the tenacity of all fully drawn yarns decreased by approximately 70% after 500 hours. While the tenacity 
of the yarns containing 1,2% TiO2 couldn't be measured after 1000 hours of UV weathering test due to the significant 
deterioration, the yarns containing 2% UV absorber maintained the tenacity of 21% after 1000 hours of UV weathering 
test. 
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1. INTRODUCTION 
 
Polyethylene terephthalate (PET) yarns, an important member of the polyester family, is the most 
widely used chemical fiber in the world [1]. PET yarns have a wide range of uses in industrial 
applications due to their properties such as high strength, moderate elongation, high glass transition 
temperature, good resistance to deformation and chemicals [2,3]. However, they have some 
inherent negative properties such as low water absorption capacity, high pilling tendency, static 
charge accumulation tendency and lower abrasion resistance [4,5].  
 
Some researchers focus on finding a new polymer or improving the properties of existing polymers 
to use in technical textiles. There are some difficulties such as expensive raw materials and high 
investment costs in finding a new polymer and producing yarn. So, it is more preferable to improve 
the properties of already produced synthetic yarns by changing in the processes [6,7]. Bicomponent 
yarn production is one of the most attractive method in the scientific world. Also, special additives 
can be added in the PET chips during the extrusion to improve the existing properties and obtain 
new functionality. 
 
UV radiation reaching the earth's surface consists of 6% of the total solar radiation with 
wavelengths ranging from 290-400 nm [8]. Human skin can be adversely affected by direct or 
indirect exposure to UV radiation [9]. The use of UV protective clothing is very important to ensure 
human health and safety [10]. UV radiation causes the breakdown of chemical bonds in polymeric 
structures. In certain instances, UV radiation is absorbed by photoinitiators instead of polymers, 
instigating degradation through their transformation into free radicals. This photodegradation 
process results in a reduction in the molecular weight of the polymer as a consequence 
of bond cleavage. Thus, the polymers’ mechanical properties are adversely affected over time [11]. 
 
Bicomponent yarns can be produced from two polymers by using two different extruders and have 
unique cross-sections including side-by-side, sea/island, core/sheat etc. [12]. 
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In this study, the first step was to produce bicomponent fully drawn yarns (FDYs) at the same 
denier and parameters by using 24 holes core/sheath cross-section spinnerets. Super bright PET 
raw materials were used for both the core side and the sheath side. Also, two different dosages of 
titanium dioxide (TiO2) were added in the core side and two different dosages of triazin based UV 
absorber were added in the sheath side. The yarns produced were classified in two headings based 
on TiO2 and UV absorber (Table 3 and 4). Standard textile analysis such as elongation at break, 
tenacity, linear density and shrinkage were applied to 7 different yarns. Moreover, differential 
scanning calorimetry (DSC) analysis was performed on the core/sheath FDYs to determine thermal 
properties of the yarns. The second step was to apply UV weathering tests to all yarns according 
to ISO 105-B04 standard. Elongation at break and tenacity measurements were made to each yarns 
after 500 hours and 1000 hours to calculate the decrease in the mechanical properties. 
 
2. EXPERIMENTAL 
 
2.1 Material 
 
In this study, the super bright PET chips were supplied by SASA Polyester Sanayi in Adana, 
Türkiye. Titanium dioxide (TiO2) added masterbatch and triazine based UV absorber added 
masterbatch were supplied from SETAŞ Kimya A.Ş in Tekirdağ, Türkiye. 
 
2.2 Method 
 
Bicomponent FDYs were produced with production parameters in Table 1 by using 24 holes 
core/sheath spinnerets on Jwell brand bicomponent melt spinning machine in Polyteks Tekstil 
Sanayi Araştırma ve Eğitim AŞ. The bicomponent yarns are classified in two headings based on 
the ratio of titanium dioxide (TiO2) and UV absorber (Table 2 and 3).  
 
The reference FDYs added UV absorber were produced by using 24 holes round cross-section 
spinnerets on Barmag brand monocomponent melt spinning machine in Polyteks (Table 4). 
 

Table 1. The production parameters of the fully drawn yarns 

Parameters Values Units Parameters Values Units 

T
em

p
er

at
u

r
e 

Extruder A 285 - 285 - 285 - 285 °C 

S
p

ee
d

 Godet 1/2 1050 m/min 

Extruder B 285 - 285 - 285 - 285 °C Godet 3/4 4240 m/min 

Godet 1/2 85 - 85 °C Winder 4200 m/min 

Godet 3/4 120 - 120 °C 
 

Table 2. The samples according to the UV absorber ratio in the sheath side of the yarns 

Yarns Core Side Sheath Side 
S-1 Bright PET + 1,2% TiO2 Bright PET 
S-2 Bright PET + 1,2% TiO2 Bright PET + 2% UV Absorber 
S-3 Bright PET + 1,2% TiO2 Bright PET + 4% UV Absorber 

 
Table 3. The samples according to the TiO2 ratio in the core side of the yarns 

Yarns Core Side Sheath Side 
S-4 Bright PET Bright PET + 2% UV Absorber 
S-5 Bright PET + 0,3% TiO2 Bright PET + 2% UV Absorber 
S-2 Bright PET + 1,2% TiO2 Bright PET + 2% UV Absorber 
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Table 4. The reference fully drawn yarns 

References Polymer (w%) Masterbatch (w%) 
R-1 Bright PET 2% UV Absorber 
R-2 Bright PET 4% UV Absorber 

 
2.3 Tests and Analysis 
 
Linear density of FDYs were measured with a winding reel and a Mettler Toledo brand precision 
scale according to DIN EN ISO 2060 standard. Also, tensile properties (elongation at maximum 
load and tenacity) of these yarns were determined by Textechno brand Statimat Me+ model tensile 
tester according to DIN EN ISO 2062 standard in Polyteks Company. The UV weathering test was 
applied to the yarns according to ISO 105-B04 standard in SETAŞ Company. After 500 hours and 
1000 hours of the UV weathering test, the tensile properties of these yarns were measured once 
again in order to calculate the tenacity reductions of the yarns. 
 
Thermal anaylsis of the FDYs were performed via heating of the samples from 30 to 300°C at 
10°C/min under nitrogen atmosphere by using Hitachi 7020 DSC device according to ASTM E 
1356-03. 
 
3. RESULTS 
 
Firstly, the linear densities were measured as 145-146 gr/10000m for all type of yarns. The tenacity 
and elongation (at Fmax) results were determined by the tensile test in Table 5. The tensile tests 
were applied all the yarns after UV weathering test for 500h and 1000h to calculate the decrease 
of mechanical properties of the yarns (Table 6). Moreover, the graphs of the percentage decreases 
in the elongation and tenacity values of the yarns after the UV conditioning test are as shown in 
Figure 1 and 2. 
 

Table 5. The results of the tensile test of the all yarns 

Yarns Dtex (gr/10000m) Tenacity (cN/dtex) Elongation (%) Shrinkage (%) 
R-1 145 3,2  41,3 11,9 
R-2 145 3,3 40,3 12,5 
S-1 146 3,1 32,8 13,2 
S-2 145 3,0 40,0 12,9 
S-3 146 3,1 45,0 13,2 
S-4 145 3,2 40,4 13,1 
S-5 146 3,2 41,0 12,0 

 
 

 
 
 
 
 
 
 

Table 6. The results of the tensile test after UV Weathering test of the all yarns 

Yarns Tenacity (cN/dtex) Elongation (%) 
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Before  
UV 

Weathering 

After 500h  
UV 

Weathering 

After 
1000h  

UV 
Weathering 

Before  
UV 

Weathering 

After 500h  
UV 

Weathering 

After 
1000h  

UV 
Weathering 

R-1 3,2  2,2 1,2 41,3 26,6 11,8 
R-2 3,3 2,4 1,9 40,3 27,8 20,6 
S-1 3,1 0,9 - 32,8 9,5 - 
S-2 3,0 1,1 - 40,0 4,92 - 
S-3 3,1 1,1 - 45,0 13,2 - 
S-4 3,2 1,0 0,7 40,4 14,2 4,9 
S-5 3,2 1,1 0,7 41,0 8,0 3,2 

 

 
Figure 1. The graph of the tenacity decrease of FDYs after UV Weathering Test 

 
 

 
Figure 2. The graph of the elongation decrease of FDYs after UV Weathering Test 

 
It has been observed the endothermic peak due to the melting temperature (Tm) and baseline shift 
due to the glass transition temperature (Tg) in the DSC curves for the core/sheath FDYs in Figure 
3. Moreover, the melting enthalpy values (ΔHm) that is a function of the interchain forces were 
calculated from the DSC graphs (Table 7). 
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Figure 3. The DSC graphs of the core/sheath FDY samples 
 

Table 7. The thermal values of the core/sheath FDYs in DSC analysis 

Yarns Tg
 (oC) Tm (oC) ΔHm (mJ/mg) Yarns Tg (oC) Tm (oC) ΔHm (mJ/mg) 

S-1 83,3 250,8 57,4 S-4 83,9 251,3 61,5 
S-2 85,8 254,9 54,4 S-5 84,8 253,1 55,3 
S-3 86,3 253,4 59,1 S-2 85,8 254,9 54,4 

 
4. CONCLUSION 
 
The primary objective of this study was to produce a bicomponent filament yarn with a core/sheath 
structure through the incorporation of diverse additives, namely titanium dioxide (TiO2) and a UV 
absorber, applied separately to the core and sheath components. Furthermore, this study sought to 
assess alterations in the mechanical properties of the yarns subsequent to undergoing UV 
weathering tests for durations of 500 and 1000 hours. Additionally, the thermal characteristics of 
these yarns were evaluated using a DSC apparatus. 
 
It was observed that the tenacity of all core/sheath FDYs decreased by approximately 70% after 
500 hours. While the tenacity of the yarns containing 1,2% titanium dioxide couldn't be measured 
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after 1000 hours of UV weathering test due to the significant deterioration of the yarns, the yarns 
containing 2% UV absorber could be maintained the tenacity of 21% after 1000 hours of UV 
weathering test. There was no difference in the tenacity of the yarn after 500h and 1000h UV 
weathering test when the TiO2 content in the core side of the yarn was increased from 0% to 0,3%. 
It was determined that the elongation of all core/sheath FDYs decreased by minimum 70% after 
500 hours. The elongation of the yarns containing 1,2% TiO2 couldn't be measured after 1000 
hours of UV weathering test due to the significant deterioation of the yarns. Furthermore, the yarns 
containing 2% UV absorber maintained the elongation of 10% after 1000 hours of UV weathering 
test.  
 
The findings of this study indicate that FDYs which have higher TiO2 content exhibit elevated 
values of both melting temperature and glass transition temperature, accompanied by decreased 
melting enthalpy, as evidenced by the DSC profiles. Conversely, FDYs characterized by 
heightened UV absorber content display elevated values for melting temperature, glass transition 
temperature, and melting enthalpy. 
 
The core/sheath FDYs presented more than 50% lower performance in terms of mechanical 
properties against UV radiation when compared to the reference monocomponent FDY yarns. 
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ABSTRACT 
 
Recently, studies on developing adaptive comfort features for sports and protective clothing, have been taking 
attention of both manufacturers and consumers. In this manner, possibility of developing passive smart cellulosic 
knitted fabrics based on temperature-water sensitive finishing treatment for dynamic breathability and absorption 
functions by keeping acceptable fabric hand, was investigated. According to dynamic air permeability and water 
absorption capacity results, temperature-water sensitive nanocomposite treated cellulosic fabrics, especially viscose 
and modal ones gained passive smart function by keeping acceptable fabric hand. Also, SEM and FT-IR analyses 
proved the polymer coating on fiber and fabric-nanocomposite interactions, in turn.  
 
Key Words: Passive smart, cellulosic fabric, air permeability, absorption capacity. 
 
1. INTRODUCTION  
 
Consumer expectations have changed in recent years in the direction of 'maintaining comfort in all 
conditions', a situation supported by the increasing market shares of sports and leisure clothing [1]. 
The next stage of the comfort studies especially for functional sports and protective clothing is to 
provide comfort dynamically according to the changes in environment and body conditions, other 
than the classical approach aiming to keep body dry and warm/cool under static conditions. In this 
context, shape memory polymers/nanocomposites [2] enabling a change in shape, porosity, etc. of 
the material adaptively depending on temperature and water (sweat in vapour or liquid forms) 
attract attention. For developing smart textile materials having dynamic clothing comfort; knitted 
cotton and regenerated cellulosic fabrics for sports and leisure wear were treated with temperature-
water sensitive shape memory nanocomposite for dynamic breathability and absorption functions 
by keeping the acceptable fabric hand features. 
 
2. EXPERIMENTAL 
 
Single jersey knitted fabrics were produced with cotton, regenerated cotton, viscose, modal, 
lyocell, and bamboo Ne 30/1 ring spun yarns on a Pilotelli Circular Knitting Machine. Cellulosic 
knitted fabrics were treated with shape memory nanocomposites for optimum temperature-water 
sensitive dynamic functions at acceptable fabric bending rigidity limits. The shape memory 
nanocomposites were produced with commercial SMPU polymer matrix, having appropriate 
transition temperature (Ttrans) of 32°C, suitable for body temperature, and CNWs as water 
responsive nano-reinforcing switch. Tween®80 (Sigma Aldrich), nonionic surfactant, was used 
for ensuring homogeneous nanoparticle distribution in hydrophobic polymer matrix. All chemicals 
were analytical grade and used as received without further purification or modification. 
 
To prepare nanocomposite suspensions, SMPU polymer was dissolved in dimethyl acetamide, an 
eco-friendly solvent at 8wt% concentration according to preliminary studies (optimizing bending 
rigidity) for 6 h using a magnetic stirrer at 400 rpm and 60°C (Sci Finetech, Korea) operating at 
400 rpm for 6 h. As second step, this solution was mixed with CNW-dimethyl acetamide-surfactant 
suspension having nanoparticle concentration, 20 wt% of polymer (SMPU-CNW20), were mixed 
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by means of ultra-sonication (Sonopuls HD 2200, Bandelin Sonopuls Corp.) for 1 h at 40 Watt, 
40% amplitude. In the third step, the prepared nanocomposite solutions were applied to the fabrics 
by a pad-dry-cure process at 3 bar pressure, 2 m/min speed, 90% wet pick up value. Finally, all 
treated fabrics were dried at 90°C and cured at 120°C for 5 min. Fabrics with different raw 
materials are abbreviated as CO for %100 cotton, re-CO for 15% recycled cotton/85% cotton, CV 
for viscose, MD for modal, LYC for lyocell, and BAM for bamboo. 
 
Surface morphologies and chemical structure/fabric-nanocomposite interactions of the fabrics 
were detected by SEM and FT-IR analysis, respectively. Areal density and bending rigidity tests 
were carried out according to TS EN 12127 and ASTM D 1388-92:2002, respectively for 
determining nanocomposite treatment effect. Shape memory based dynamic air permeability of 
the fabric was measured according to TS 391 EN ISO 9237 at different fabric temperatures (20°C 
and 40°C) using the Textest FX 3300 Air Permeability Tester. Fabric temperature of 40°C was 
adjusted by a hotplate having a set function and determined with a thermal camera (Fluke Ti100). 
Dynamic absorption capacity tests were conducted with different water temperatures (20°C and 
40°C) according to AATCC TM 199. All samples were conditioned for 24 h at standard 
atmospheric conditions according to the TS EN ISO 13934-1:2013 before tests.  
 
Statistical analysis was carried out using a Univariate ANOVA method followed by Student-
Newman-Keuls post hoc test using SPSS 22.0 for Windows statistical software (IBM, Armonk, 
USA) with p value of 0.05 
 
3. RESULTS and DISCUSSION 
 
The surface morphologies of the SMPU, SMPU-CNW nanocomposite treated fabrics were 
examined by SEM images (Figure 1). According to the images, the characteristic fibre properties 
of untreated samples of all fabrics with different raw materials can be seen. SMPU and SMPU-
CNW nanocomposite treatment formed smooth and thick coating on/among fibres and also fiber-
fiber bonding especially on re-CO, CV, and MD fabrics. CNW particles can be detected on the 
fiber surfaces of SMPU-CNW nanocomposite treated fabrics. SMPU and SMPU-CNW 
nanocomposite treatment created a thinner coating on/among fibres for LYC and BAM ones 
compared to other all fabrics. It was concluded that SMPU and SMPU-CNW nanocomposite 
treatment were successfully immobilized on/among fibers of all fabric types.  
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Figure 1. SEM images of fabric 
 

Figure 2. FT-IR spectrum of reference and SMPU and 
SMPU-CNW nanocomposite treated fabrics 

 
To confirm the presence of SMPU-CNW nanocomposite on the fabrics, reference and SMPU-
CNW nanocomposite treated samples were analysed by FT-IR spectroscopy and IR spectrums are 
given in Figure 2. (-NH) stretching vibration of urethane at around 3449 cm-1, (-CH2) stretching at 
2861 cm-1 and 2927 cm-1, free (C=O) stretching at 1737 cm-1, other modes of (-CH2) vibrations at 
1463, 1406, 1345, and 1294 cm-1 and (-NH) 1544 cm-1 seen in IR spectrum of SMPU granules are 
characteristic peaks of SMPU polymer. In addition, characteristic peak at 10541 cm-1 was 
attributed to ether group (-C2H4-O-C2H4-). As expected, (-OH) stretching band at 3200-3400 cm-
1 and (C-H) stretching peak at 2900 cm-1 belonging to hydrocarbon structure of hemicellulose, 
were detected in the IR spectrums of all untreated all fabric due to the cellulose raw materials of 
the samples. Meanwhile, SMPU-CNW treated fabrics display the hydrogen-bonded urethane 
(C=O) group at approximately 1700 cm-1serving as polymer presence in the fabric structure. For 
cellulosic materials, chemical reactions take place by three free OH groups in β-D-glucose unit of 
cellulose molecules and as a result hydrogen bond density of cellulose polymer decreases [3]. It is 
noteworthy that intensity of the (-OH) stretching band at 3200-3400 cm-1 and (-OH) in-plane 
stretching band at 900-1200 cm-1 of untreated samples decreased as compared to the untreated 
ones, indicating that hydrogen bonds were formed between SMPU polymer and (-OH) groups of 
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all cellulose-based fabrics. SEM and FT-IR analysis results confirmed coating and fabric-
nanocomposite interactions in turn. 
 
Areal density and bending rigidity values of the reference and SMPU and SMPU-CNW 
nanocomposite treated fabrics were given in Table 1. As seen in Table 1, the fabric areal density 
values significantly changed with treatment type (SMPU/SMPU-CNW nanocomposite), raw 
material, and two-way interactions of them and had the maximum value for MD. Bending rigidity 
which is one of the main components for the wearability performance of fabrics, exhibited similar 
trend and changed significantly with treatment type and raw material. As expected, besides the 
minimum values detected for reference samples, the maximum and minimum bending rigidity 
values belonged to CO and MD, respectively. Among all the cellulose-based fabrics used in the 
study, the highest crystallinity of cotton fibres and lower inter-fiber movement as a result of 
specific cross-section and surface features compared to the regenerated samples [4] could cause 
this trend. Through SMPU treatment, the bending rigidity values significantly increased and 
reached the maximum for CO (5.62x) and re-CO ones (5.42x), like as their reference forms. As 
seen in SEM images (Figure 1), SMPU polymer layer on/among fibres provides fiber-fiber 
bonding which prevents relative fiber movement, hence increase in bending rigidity. On the other 
hand, SMPU-CNW nanocomposite application led a significantly (p=0<0.05) decrease in fabric 
bending rigidity as compared to SMPU treated ones. Relative decrease in bending rigidity of all 
fabrics with nanocomposite treatment may be due to the plasticisation effect of hydrophilic CNW 
particles with ambient relative humidity. According the data in Table 1, among SMPU-CNW 
treated samples; maximum bending rigidity increase belonged to CO samples (4.48x) in harmony 
with SMPU treated forms as the minimum value was detected in MD (0.68x) followed by CV, 
meaning that MD and CV fabrics kept their hand characteristics besides gathering a passive smart 
function.  
 

Table 1. Areal density and bending rigidity of cotton and regenerated cellulosic fabrics 

Sample 
code 

Areal density (g/m2) 
[S.D] 

Bending rigidity (mg.cm) 
[S.D.] 

Referen
ce 

SMP
U 

SMPU-CNW 
nanocomposi

te 

Referen
ce 

SMPU 

SMPU-
CNW 

nanocomp
osite 

CO 200a 

[1.48] 
195a 

[7.21] 
200a 

[7.94] 
120.44cd 

[53.29] 
773.62h 

[121.91] 
660.15g 

[119.31] 
re-CO 195a 

[1.87] 
202a 

[3.21] 
199a 

[4.78] 
115.51cd 

[40.19] 
739.38h 

[91.92] 
660.51f 

[112.75] 
CV 199a 

[3.91] 
195a 

[7.83] 
211ab 
[2.55] 

49.92a 

[21.49] 
163.16d 

[36.19] 
99.05bc 

[19.13] 
MD 

203c 

[3.21] 
222ab 
[6.68] 

244d 
[5.09] 

24.04a 

[2.90] 
103.35bc

d 

[16.23] 

40.31a 

[10.23] 

LYC 214abc 

[3.40] 
215a 

[3.67] 
230cd 

[1.02] 
60.94ab 

[2.89] 
148.96cd 

[1.57] 
120cd 

[28.32] 
BAM 

224c 

[1.41] 

218c 
[13.96

] 

231cd 
[19.75] 

36.84a 

[7.19] 
219.57e 

[32.29] 
154.41cd 

[20.33] 

*: Different superscript letters show statistically significant differences. 
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Air permeability, the easiest way for determining fabric porous structure, is a feature that allows 
to adjust the insulation and permeability of the fabric system through pore change, with 
temperature. Therefore, the dynamic air permeability based on the shape memory characteristic of 
the fabrics were determined at different fabric temperatures and results were given in Figure 3. Air 
permeability of the fabrics statistically changed with treatment type (SMPU/SMPU-CNW 
nanocomposite), raw material, temperature and two-way interactions of them. Air permeability 
values increased with temperature (above Ttrans of SMPU) and reached a maximum for SMPU and 
SMPU-CNW treated modal fabrics. At 40°C above Ttrans=Tg of SMPU, polymer chains activate 
and form pores as a result of temperature sensitive free volume and micro-Brownian molecular 
motion hence shape memory effect. Also, the possible stretching and disruption of hydrogen bonds 
among CNWs lead to create additional permanent micro-voids in the polymer amorphous phase 
or increase in the size and number of micro-voids hence higher permeability for SMPU-CNW 
treated samples compared to reference ones.   
 

 
Figure 3. Air permeability values of cellulosic fabrics at 20°C (a) and 40°C (b) 

 
Absorption capacity, a property affecting the feeling of wetness caused by sweating after intense 
activity hence comfort, was measured at different water temperature for determining ability of 
absorbing body sweat with temperature change and results were given in Figure 4. In harmony 
with dynamic air permeability and physical features, the absorption capacity of the fabrics differed 
significantly (p<0.05) with all the investigated parameters and their interactions. SMPU-CNW 
nanocomposite treated fabrics exhibited adaptive water absorption feature as a result of increasing 
values with temperature. Among SMPU-CNW nanocomposite treated fabrics; CV, BAM, and MD 
had the maximum and statistically identical values, even higher than their reference forms. The 
water absorption capacity values dynamically changed with temperature due to interacting water 
molecules with hydrophilic nanoparticles in crystalline regions as well as the amorphous regions 
for SMPU-CNW treated fabrics. Additionally, formation of porous structure resulting from 
temperature-sensitive free volume change in soft segments of SMPU matrix and molecular 
mobility at higher temperature contributes to obtaining high water absorption capacity by 
providing more water molecule absorption. Summing up the absorption capacity results, the 
dynamic water absorption features of SMPU-CNW nanocomposite treated MD and CV single 
jersey fabrics could provide a drier feeling hence comfort under dynamic temperature conditions. 
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Figure 4. Water absorption capacity of the fabrics at 20°C (a) and 40°C (b) 

 
4. CONCLUSIONS 
 
In conclusion, the successful fabrication and characterization of passive smart cellulosic knitted 
fabrics based on temperature-water sensitive finishing treatment have been demonstrated for 
improving human body thermal comfort. The use of SMPU especially SMPU-CNW 
nanocomposite for surface treatment of cellulosic fabrics was found to be effective, as confirmed 
by analysis and measurement in dynamic conditions. The results showed that temperature-water 
sensitive nanocomposite treated cellulosic fabrics especially the ones produced from viscose and 
modal gained passive smart function such as dynamic air permeability and water absorption 
capacity changing within acceptable fabric hand. Summing up, shape memory nanocomposite 
treatment, sensitive to multiple stimuli, may be suggested to enable enhanced thermal comfort 
under dynamic conditions for commonly used cellulosic knitted fabrics.  
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ABSTRACT  
 
Drysuits are designed to protect water sports professionals from the cold, reduce injuries and increase buoyancy. They 
work by creating an insulating effect using a thin pocket of water between the neoprene and skin. Traditional drysuits 
have a three-layer construction where the interior layer wicks water away from the skin, the middle layer provides 
insulation, and the outer layer acts as a barrier to convective heat loss. In order to prevent heat loss to the environment, 
the interior section of the wetsuit must be made of materials with low thermal conductivity, and literature findings 
show that alternative advanced materials can improve performance in that respect. Accordingly, this study was 
conducted to propose an innovative design of drysuit with improved thermal properties for water sports enthusiasts. 
The performance of the drysuit was evaluated using a multiphysics modelling approach using Computational Fluid 
Dynamics (CFD) analysis. The results of the simulation contributed to a better understanding of the material properties 
which supported the design stage of the drysuit. 
 
Key Words: Heating system, water sports apparel, dry suits, semi-dry suits, neoprene, simulation, CFD, multiphysics 
modelling 
 
1. INTRODUCTION 

Water sports professionals who are exposed to cold water environments face a lot of challenges 
that may impact their performance, safety, and overall well-being negatively. The alteration in 
body temperature experienced in such conditions can lead to physiological effects, including 
increased strain on the cardiovascular and respiratory systems, decreased muscular endurance and 
manual dexterity, and a reduced swimming capacity. To mitigate these adverse effects, apparel 
manufacturers specialized in cold water applications continually seek for new materials and/or 
solutions to enhance the thermoregulatory properties of their drysuit products. These specialized 
garments of drysuits are engineered to shield water sports enthusiasts from the cold aquatic 
environments, reducing the risk of injuries and enhancing buoyancy [1-5]. A fundamental principle 
underlying the functionality of drysuits is the creation of an insulating barrier, often in the form of 
a thin pocket of water between the neoprene fabric and the wearer's skin. Traditional drysuits have 
a three-layer construction wherein the interior layer effectively wicks water away from the skin, 
the middle layer provides insulation, and the outer layer acts as a barrier against convective heat 
loss [6]. In order to prevent heat loss to the environment, the interior section of the wetsuit must 
be made of materials with low thermal conductivity [7-8], and literature findings show that 
alternative advanced materials can improve performance in that respect [9]. One important 
challenge parameter in designing effective drysuits is countering the substantial heat loss amount 
encountered during aquatic activities. The factors contributing to this challenge are multifaceted, 
encompassing not only the rapid conductivity of heat by water in comparison to air but also the 
dynamic variations in hydrostatic pressure with increasing water depth [10]. This change in 
pressure, coupled with reduced exposure to sunlight, gives rise to a host of potential health issues 
for divers, including chills, disturbances in body temperature regulation, pressure-related 
physiological changes, and the peril of hypothermia. Furthermore, prolonged exposure to a wet 
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environment can result in fungal infections and recurring skin health problems [11]. The impact 
of these challenges is particularly pronounced in individuals with lower levels of body fat, who 
are more sensitive to the frigid temperatures experienced in deep-water diving. This basic 
vulnerability is worsted by the fact that the thermal conductivity of water significantly surpasses 
that of air, causing the human body to lose heat at a rate approximately 25 times faster when 
submerged in water compared to on land [12]. On the other hand, diving presents complex 
physiological challenges, particularly concerning the solubility and behavior of nitrogen gas within 
the human body, governed by fundamental gas laws. Boyle–Mariotte law, describing the inverse 
relationship between gas volume and pressure under constant mass and temperature, impacts 
bodily tissues and air-filled cavities, leading to diving-related barotrauma and air embolism due to 
pressure variations during dives. Complementing this, Henry's law, which correlates gas 
dissolution with partial pressure in a liquid, explains decompression sickness and nitrogen 
narcosis. Recognizing these complexities, proactive measures like a thermal system are crucial to 
safeguard divers [13-15]. Considering these multifarious challenges, this study proposes an 
innovative drysuit design with improved thermal properties, targeting professional and semi-
professional water sports enthusiasts. Aim has been to contribute to the development of drysuit 
solutions that not only protect against the rigors of cold water exposure but also optimize the 
performance and well-being of water sports professionals in demanding conditions. 

2. EXPERIMENTAL 
 
In the realm of wetsuit and drysuit construction, two distinct design approaches emerge, where one 
focuses on the fabric compositions and layers, and the second one comprising a sophisticated 
system that integrates textile-based heating elements and electronic components. Within 
alternative fabric layer designs, an important role is assigned to the middle layer, which serves as 
the foundation for seamlessly integrating heating systems, resulting in a structurally resilient 
configuration, largely owing to its sheltered sandwich structure. This middle layer is thoughtfully 
positioned alongside the heating system components, containing specialized textile materials and 
an innovative layering scheme. The heating system design is a core element of this innovative 
garment, consisting of a conductive textile surface, an Arduino serial module equipped with 
integrated TCP/IP network software, touch and temperature sensors, a Peltier module, and a 
dedicated power supply. These integrated components work in unison to regulate and maintain 
thermal comfort. Complementing the heating system, the textile layers utilized in this model are 
selected for their specific attributes. Figure 1 A shows the four layered structure of the proposed 
design in which the top layer of the neoprene (2 mm) wetsuit is made of classic silicone neoprene, 
while the first intermediate layer is a 1.5 mm spacer fabric instead of the typically used foam. 
Spacer fabric has a surface that carries the electronic heating circuit (Figure 1.B). A sensor is 
integrated into the spacer fabric under the neoprene (Figure 1.C). The second intermediate layer is 
a single jersey (reprieve ocean) with elastane and the bottom layer is a pique structure with elastane 
made of 100% recycled fibers using 37.5 yarns. This wetsuit has been engineered to meet the needs 
of performance athletes, with its hybrid thickness design featuring 3 mm arms, 5 mm body, and 4 
mm legs, creating a balance between comfort and performance. The integration of Gator Tech Pro 
material, boasting a 1 mm thickness in the knee region, contributes significantly to the product's 
longevity, particularly in high-wear areas like the knees, where resistance to rapid wear due to 
impacts and falls is crucial. The rear zipper, a critical component for ease of wear, is sourced from 
YKK, a renowned zipper manufacturer, and an additional protective layer is thoughtfully applied 
to the ankle area for enhanced resilience and user comfort. 
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                            A      B     C 

Figure 1.A Four Layered structure of the drysuit ; B Heating system activation mechanism ; C Sensor related 
activation mechanism 

The activation mechanism of the heating system in this experiment is designed to be user-centric 
and intuitive, without the need for traditional buttons or screens. Activation is initiated through 
touch sensors thoughtfully positioned in the triceps area, allowing users to engage the system by 
applying pressure to their arms. This activation method capitalizes on the natural and instinctive 
response of the body, as users tend to embrace themselves when feeling cold. The heating system, 
therefore, aligns with the user's natural behavior, responding to their thermal comfort needs 
without the need for manual controls. This user-centric approach not only enhances convenience 
but also ensures that the system operates in harmony with the wearer's comfort preferences. The 
touch sensors are seamlessly integrated into the garment and are connected to LiPo (Lithium-
Polymer) batteries. These LiPo batteries power both the textile-based heating elements and the 
Peltier module, fostering efficient and responsive heat regulation. Importantly, the LiPo battery 
and heater are strategically positioned between the second and third intermediate layers of the 
garment, optimizing thermal distribution and minimizing any discomfort to the wearer. This 
placement ensures that the heating system functions effectively while maintaining the garment's 
overall comfort and functionality. Moreover, the heating system incorporates an intelligent thermal 
management feature. When the wearer begins to feel too warm, the system responds to their body 
language and automatically deactivates the heater, promoting a comfortable and balanced thermal 
experience. This adaptive approach to temperature control further enhances the user's comfort and 
safety during aquatic activities.  

2. NUMERICAL ASSESSMENT 

The performance of the developed suit has been simulated using Multiphysics a modelling 
approach using CFD analysis. The obtained knowledge through the results has been transferred 
for design suggestions in the proposed body suit model. For the CFD analysis, a fluid flow velocity 
of 0.4 m/s, a human body surface area of 0.2652 m2, and a heat transfer coefficient (H) of 170 
W/m2-K for water has been considered as essential parameters governing the heat transfer 
behavior (Table 1). To emulate practical scenarios, the initial suit and environmental temperatures 
were set at 22° C, representing a common starting point for divers. Also, the decision to submerge 
the suit from the legs (Figure 2) allows us to closely observe and analyze how temperature evolves 
over time, accurately capturing the dynamics experienced by divers as they encounter seawater at 
10°C. The presence of a 22°C environment surrounding the remaining part of the suit drives the 
heat exchange process, closely mimicking conditions often encountered during dives in lakes or 
similar bodies of water, even in relatively shallow depths (10-15m). 
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Figure 2. Practical scenario for the preliminary calculations 

Table 1. Data used for CFD Analysis 

 
Thickness 
[mm] Volume [m3] 

Surface 
area[m2] λ [W/m-K] 

Cp [j/kg-
K] ρ [kg/m3] 

Human skin 0.1 2.65E-05 0.2655 0.21 3370 1000 
First Layer 0.61 0.0001424 1.37E-03 0.0635 1006 1380 
Second 
Layer 0.61 0.0002256 1.37E-03 0.0635 1006 1380 
Heater 1.4(+air) 7.64E-06 3.14E-03 700 4000 2267 
Spacer 2.85 0.0007524 6.34E-02 0.0329 1006 1380 
Neoprene 3 0.000795 0.006725 0.19 1120 1500 
Sea water - 0.002653247 0.01346 0.6 3640 1030 

 
3. RESULTS & DISCUSSION 

The CFD analysis of the developed suit revealed crucial insights, including the identification of 
maximum and minimum temperature points shedding light on the thermal performance 
characteristics of the suit. Table 2 illustrates the results considering heater temperatures of 40°C, 
45°C and 50°C. The predictions show that the temperature distribution across the first layer which 
is in contact with the skin maintains temperatures. Moreover, the results reveal that there is 
potential for improving the performance by decreasing the power as well as optimizing the 
thicknesses of the layers. 

Table 2. Simulation results of the heater samples 

Heater 400C 450C 500C 
First Layer Max: 390C 

Min: 350C 
Max: 420C 
Min: 340C 

Max: 460C 
Min: 330C 

Second Layer Max: 400C 
Min: 340C 

Max: 450C 
Min. 330C 

Max: 460C 
Min: 330C 

Spacer Max: 400C 
Min: 150C
  

Max: 450C 
Min:15 0C 

Max 500C 
Min 150C 

Neoprene Max 190C 
Min 130C 

Max 210C 
Min 130C 

Max 220C 
Min 130C 
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Figure 3. A. Composite layer thermal management. B. Details of the middle layer 

For better understanding of the system's thermal behaviour, the focus of the simulation was shifted 
into the hottest patch zone—the region where the localized temperature extremes were the most 
significant ones. A cross-sectional analysis in this zone was carried out, aiming to uncover the 
factors responsible for the observed temperature variations (Figure 3A - B). Also a full transient 
analysis using an in-depth Computational Fluid Dynamics (CFD) analysis was performed using 
the model set up depicted in Figure 2. The full body model analysis of the neoprene layer 
comprised the transient thermal behaviour. The preliminary calculations revealed noticeable 
differences within one hour of the analysis. The contrast between 3 mm and 5 mm neoprene layers 
showed insignificant temperature differences over this duration. However, a 7 mm thickness 
reveals a substantial 3-4oC variation in the same time frame, which suggests a potential for 
optimizing the layered material thickness (Figure 4). The simulation of the full model has the 
advantage that is considers the thermal mass of a whole suit that is required to comprehend the 
transient performance of the suit within a real-life case. This has been used for a second case where 
the full suit is submersed. An hour time has been simulated, which is typical for one dive with 
standard equipment; especially, for sports purposes. In that respect, the simulation conducted for 
the full submersion of the suit at 10°C seawater with an initial temperature of 22°C, provided also 
valuable insights into the thermal behavior of the layering design materials. (Figure 5). 
 
It should be noted that the influence of the internal heating is ignored to assess the thermal 
behaviour of the material solely based on the thickness and properties. 
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Figure 4.  Preliminary calculation within real simulation 

 

Figure 5.  Calculations for the full submersion of the suit into water  

The observed temperature differences, particularly the significant variation in the 7 mm thickness 
neoprene, underscore the potential for optimizing neoprene layer thickness to enhance thermal 
performance in submerged suits.  
 
4. CONCLUSIONS  

This study aims to propose an innovative drysuit design with enhanced thermal performance for 
both professional and semi-professional water sports enthusiasts. This design integrates advanced 
electronic components and textiles to provide exceptional comfort, warmth, and user-friendliness. 
To achieve this goal, a layered structural concept was developed and multiphysics simulations 
have been performed using Computational Fluid Dynamics (CFD). 

The results of our simulations contribute significantly to our understanding of material properties, 
and design aspects which, in turn, can guide decision-making in the design and selection of layers 
for these specialized diving suits. Furthermore, our study highlights the substantial potential of this 
drysuit in the market, meeting the precise needs and expectations of serious water sports athletes 
by effectively regulating body temperature underwater and ensuring exceptional durability. 
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ABSTRACT  
 
This article presents the conceptual design of a baby bottle heater based on the 2015/17738 patent, showcasing a 3-
layer structure incorporating advanced materials and mechanisms. The study highlights the integration of a textile-
based heating system, controlled temperature regulation, and the achievement of optimal temperature ranges for baby 
milk warming. The experimental study showed that the temperature range of 30 to 45 °C can be achieved with an 
appropriate selection of the voltage applied on the heater for baby milk, though as a future work the design of the 
system needs to be improved by focusing each and every layer.  
 
Key Words: Heating system, Baby bottle, Warmer bag, Wearable heating technologies, Dip coating technique 
 
1. INTRODUCTION  
 
Consumer preferences and market demand make up important portion on value of a product’s 
success. So, for a product to success in achieving, the product design must be meeting the demand 
and exceeding consumer expectations. To be a "good" product, it is crucial that it satisfies two 
fundamental attributes. The first of these attributes related to the fulfillment of basic performance 
criteria, including the product's physical functionality. The second attribute revelances to the 
improving of an aesthetically and usefully design [1,2]. Multifunctional, high-performance 
wearable heaters hold great promise to design for various human related applications in the future 
[3,4]. However, their development has been impeded by challenges such as limited flexibility, 
inadequate air-permeability, and a lack of clothes-knittability [3,5]. In response to these 
limitations, this study focuses on the textile-based design of a baby bottle heater system with a 
polymeric wearable heater [6]. With the help of this innovative approach, it is aimed to unlock 
new possibilities for advanced wearable heating technologies [7]. In the realm of baby feeding, 
ensuring the optimal temperature of liquid baby food is of importance for the health and comfort. 
Traditional methods of heating baby bottles, such as using microwave ovens, may be inconvenient 
and imprecise [8]. To address these challenges, portable textile-based heater systems offering 
uniform heat distribution, temperature control, and safety features, have emerged as a promising 
solution [9]. Parents face the perpetual challenge of ensuring that their baby's milk or formula is at 
the right temperature when on the go. Traditional methods have limitations, leading to the 
development of innovative solutions. This article presents the design and mechanisms of a baby 
bottle heater bag that utilizes a textile-based heating system. Considering these needs of 
consumers, this study proposes an innovative baby bottle warmer bag with improved system 
properties, targeting parents. Aim has been to contribute to the development of baby bottle warmer 
solutions that not only provide the heating system but also optimize the weight of the textile based 
heater and well being of the consumers.  
 
2. EXPERIMENTAL 

The baby bottle heater bag's design centers on a 3-layer textile structure. The outer layer (Layer 1) 
utilizes commercially available weft knitted spacer fabric 1.7 mm, providing both cushioning and 
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thermal insulation. Layer 2 comprises a textile-based heating system, developed from a non-woven 
material incorporating synthetic fibers (polyester (PES), polyamide (PA), and polypropylene (PP), 
carbon fibers, and carbon nano graphite powders) in determined ratios based on the dimensional 
requirements. These materials enhance conductivity and distribute heat evenly. Powder adhesives 
which are incorporated into the structure through the lamination process secure these layers 
together, ensuring stability and integration (Figure 1 and Figure 2A). The technology of this very 
layer is inspired by the methods defined in TP 2015/17738 patent [10]. Finally Layer 3, i.e. the 
inner layer, uses a commercial Lacoste (knitted) fabric made from Thermolite fiber (supplied from 
Tepar, İstanbul Tr) for durability and aesthetics. 

The structured design incorporates key mechanisms for optimal functionality. A temperature 
control mechanism maintains the desired heat output, ensuring that the baby bottle contents are 
heated to a suitable temperature without nutrient loss or scalding. A reliable power supply system 
ensures efficient energy delivery to the heating system. The controller panel provides user-
friendly controls, allowing parents to adjust the temperature as needed. The heating system 
activation mechanism initiates the heating process efficiently, further enhancing user 
convenience (Figure 2 B). 

                                

A                                 B 

Figure 1. A. 3 Layered textile structure of the baby bottle heater B. Bottle application sample. 

             

                 A      B 

Figure 2. A. Textile based heating system structure B. Heating system activation mechanism 

For the measurement of the temperatures, a portable thermal camera was utilized FLIR ON PRO 
LT has thermal resolution of the 4800pixel IR images at a thermal sensitivity of 100mK and 
measure temperatures from -20C to 120C (-4F to 248F).       
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Figure 3. Exploded view and 3D modelling  

 

Figure 4. Power supplier   

The power supply provided to the system can be connected to the power bank or with any power 
via USB. Integrated activation mechanism and temperature control panel in the outer layer was 
embedded (Figure 3 and Figure 4).  

3. RESULTS & DISCUSSION 
 
In our experimentation, we achieved a temperature range of 30 to 45 °C by carefully selecting the 
voltage applied to the heater. This temperature range aligns with recommended degrees of 
warming baby milk, ensuring both safety and nutritional integrity [11]. Table 1A shows the 
recorded time intervals from the textile surface to attain the designated temperature when using 
the textile-based heater within the layered structure, whereas Table 1B presents the computed time 
for the liquid food in a commercially available baby bottle to reach the desired temperature. 
 
Table 1. A. The time to reach the target temperature of the heated surface in the layered structure B. Calculated time 

to reach the target temperature of the liquid food in the bottle 

A        B 
The time to reach the target 

temperature of the heated surface in 
the layered structure 

 Calculated time to reach the target 
temperature of the liquid food in the 

bottle 
Temperature 
oC 

Time (seconds)  Temperature oC Time 
(seconds) 

30  15   30  59.5  
35  39   35  101  
40  48   40  753  
45  55   45  1508  

Layer 1: weft 
knitted spacer 

Layer 2: Textile based  
heating system 

Layer 3: Lacoste 
(knitted) fabric 

Integrated system 
activation mechanism  

Temperature control 
panel 
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As may be seen from Table 1, the temperature range of 30 to 45 °C can be achieved with an 
appropriate selection the voltage applied on the heater for baby milk using the specific heating 
methods.  

Figure 3 demonstrates the temperatures measured using FLIR ON PRO LT. As may be seen from 
the figure the Layer 2 which is the part of the baby bottle system can be successfully heated within 
the range of 30-50oC by optimizing the ratios of components in the nonwoven namely, polyester 
(PES), polyamide (PA), and polypropylene (PP), carbon fibers, and carbon nano graphite powders. 

             

Figure 3. Temperature measurements from Layer 2  

4. CONCLUSIONS 
 
The conceptual design of the baby bottle heating bag, with its integrated textile-based heating 
system and optimal functionality mechanisms, represents a significant step forward in meeting the 
needs and demands of parents on the go. This innovative solution offers both convenience and 
safety, ensuring that baby milk is consistently warmed to the desired temperature range. Future 
developments in this field hold the promise of further improving energy efficiency and usability, 
ultimately benefiting both parents and infants. In future work, the focus will be on improving the 
heater design layer by layer such that higher energy efficiency levels can be achieved.   
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ABSTRACT 
 
In the clothing industry with a labor-intensive structure, the common problem of the enterprises is that the productivity 
level is not at the desired level. This level can be determined and evaluated at the end of the day, not at the expected 
instant time. In this context, the aim of the study is to effectively manage sewing lines and increase productivity by 
optimizing them with the correct data. Since the data collected from the operators with manual or semi-automatic 
systems in the existing structure show excessive deviations and give erroneous results, in the study it is aimed to record 
100% accurate data without relying on people. In this direction, there was an increase of 8,02 % in production 
productivity, an increase of 14,21 % in packaging productivity, and an increase of 9,52 % in general operating 
productivity with the system developed within the scope of the study, within a 3-month period in the company. 
 
Keywords: Clothing industry 4.0, ERP, MES, IOT, digital transformation 
 
1. INTRODUCTION 
 
60% of all personnel in a clothing company work in the production department [1]. In this 
department, difficult, complex machines or apparatuses, each with different features, are used by 
the operators. However, all the activities performed are highly dependent on the dexterity and 
performance of the operator [2]. The fact that the data obtained from all the activities carried out 
in the production department (such as the number of production) is human-dependent, means that 
these entries depend on a subjective structure [3].  
 
The common problem of apparel enterprises is that there is a lower efficiency than the planned 
values. In this direction, the managers cannot reach the desired and correct data promptly. When 
the sector practices are examined, it is found that no integrated system provides the automatic 
calculation of standard work times, the creation of an operation-related cycle time bank, the 
elimination of order-related production line imbalances, and the control of stocks in the line. In the 
scope of the study, it is planned to develop a digital system that can monitor and calculate 
operational efficiency and operator performances, respond to problems immediately, and perform 
line balancing.  
 
The studies obtained in the literature review on this subject are as follows. In a study conducted 
by Lee et al. in 2017, it was emphasized that parameters such as the control of the sewing thread 
bobbins on the sewing machines, the control of the thread breakage, and the active sewing times 
of the machine can be monitored instantly with IoT-based devices [4]. In 2017, by Liu et al. an 
IoT-based system was proposed in order to ensure the following of semi-automatic production 
processes, which are implemented based on manpower, and to monitor production efficiency [5]. 
Guisti et al. proposed an IoT-based system for remote monitoring of the efficiency of small-scale 
production companies in 2018 [6]. Barksdale et al., in their studies in 2018, aimed to equip the 
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machines used for production purposes in the industry with IoT systems, so that their status during 
operation can be monitored in real-time, and thus, possible malfunctions and breakdowns that may 
occur in these machines can be detected quickly [7]. With the system they designed in 2019, Lee 
and Mun enabled real-time monitoring of the power consumption values of industrial production 
machines by using IoT technologies [8]. Udayangani et al., with the system developed for sewing 
machines and employees in the apparel industry in 2019, the cycle time of production processes, 
machine usage times, and operator working times can be tracked [9]. The study carried out in 2019 
by Dai et al., provides an overview of Internet of Things (IoT) systems for manufacturing sectors. 
It has been stated that it is possible to obtain information about the systematics of the production 
by analyzing the data that can be collected thanks to IoT from the production factors used [8] [10]. 
 
In this context, the study aims to effectively manage sewing lines and increase productivity by 
optimizing them with the correct data. Since the data collected from the operators with manual or 
semi-automatic systems in the existing structure show excessive deviations and give erroneous 
results, in the study it is aimed to record 100% accurate data without relying on people. With this 
study, in line with the industry 4.0 vision;  

 In the context of Internet of Things (IoT) technology, the number of manufactured products 
can be followed instantly in the digital environment over the data coming from the sensors, 

 Able to accurately detect lost times, automatically receive operator information with RFID 
technology, 

 Able to keep work study bank records over actual operation times, 

 Optimizing the stocks in the line on the system, 

 Develop a system that can create an operation plan and monitor compliance with this plan. 
 
2. MATERIAL AND METHOD 
 
2.1. Material 
 
The material of the study is the sewing department of a clothing company. There are 14 production 
lines in total in the department where the study was carried out and all production lines were 
digitized. 1 production line was selected as the pilot line and the IoT systems were set up on all 
sewing machines. It was decided to install IoT systems only on the machines at the entrance and 
exit of the other 13 lines. In this direction; 
 
The developed system was set up on a pilot line with 25-30 sewing machines, 3 quality control 
stations, and 1 packaging station, with an average of 40 operators, and was evaluated in 3 months. 
The other 13 lines, 2 sewing machines, 3 quality control stations, and 1 packaging station, with an 
average of 8 operators, were evaluated in a 3-month period. 
 
2.2. Method 
 
Within the scope of the study, the digitalization of the manually collected data was ensured in 
order to adapt all the processes of the production processes to the Industry 4.0 philosophy. The 
digitalization cycle is completed in 3 phases. These are digitization, digitalization, and digital 
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transformation. Digitization occurs when a product becomes digital. Digitalization occurs when a 
business model becomes digital. Digital transformation, on the other hand, is the restructuring of 
the business world, society, economy, and institutions with a digital system [11]. 

 
Figure 1. The digital transformation steps-the three amigos [11] 

 
In the study, digital transformation was achieved in all processes of the production department by 
following these 3 steps in line with the Industry 4.0 philosophy. In the first step of the 
transformation, Internet of Things (IoT) data collection devices were developed under the title of 
digitization. Since there are many deviations in the data collected by manual-semi-automatic 
systems in the existing sewing enterprises and causes erroneous results, it is ensured that the correct 
data is obtained directly from all sewing machines, without being dependent on people, through 
sensors and RFID technologies. Three different IoT data collection devices were developed and 
set to cover the assembly line, quality control, and packaging processes in a sewing line. 
 
In the second step of the transformation, a digital production management system “The MES 
platform” was developed, where instantaneous and online data collected from the line can be 
managed. With this platform, it has been ensured that the sewing lines are managed effectively, 
and productivity is increased by optimizing them with the correct data. In this direction, it is 
ensured that:  
 

 Production data is collected with a notification system,  

 Accurately detecting lost times, 

 Keeping cycle time bank records over real operation times, 

 Doing competence analysis by assigning the appropriate operator for the appropriate 
operation, 

 Optimizing the stocks in the line on the system, 

 Creating a line balancing plan that provides a balanced workload and a balanced flow and 
monitoring compliance with this plan.  
 
In the last step of the transformation, the integration of the developed IOT and MES platforms 
both among each other and into the currently used ERP system was ensured. The technical 
infrastructure has been established for the flow of the data needed for production on the MES 
platform to the ERP system (Figure 2).  

Digitization Digitalization Digital Transformation
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Figure 2. The digital transformation steps of the project 

 
While designing the DOR IoT (IoT Device’s Name for Sewing Machines) interface screens, 
interviews were held with the production teams and operators who sew directly, and the screens 
were developed considering the opinions of both operators and production supervisors. The target 
and the actual production numbers have been decided to show on the DOR IoT main screens during 
the day. Apart from this, since it is considered important for the operator to perform the correct 
operation on the correct machine, the relevant information is displayed on the main screen. In 
addition, the buttons for tracking various reasons for stopping production have been designed in 
larger sizes and operators' communication with DOR IoT has been facilitated. 
 
                              
 
 
 
 
 
   
 

Figure 3. Screen samples of the DOR IoT 

In line with the new system developed, Quantum MES (Manufacturing Execution System) web 
application software has been developed with the functions of instantaneously monitoring, 
executing, and managing the order flow in the production facilities with the data received from the 
field hardware (DOR IoT).  
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Figure 4. Quantum MES login page and screen sample 

The DOR IoT devices that instantly collect reliable data from the production site and the Quantum 
MES software, which manages the monitoring/execution activities of the production in the light 
of this data, complete the "Digital Transformation", which is aimed to be developed within the 
scope of the project, with the integration of the entire system into the existing ERP system. 
 

3. FINDINGS 
 
Counting devices developed within the scope of the project have been tested in each version both 
by researcher and technician personnel in the laboratory environment and by expert operators in 
the field. DOR IoT, the 6th version of the counting device, was developed by making continuous 
improvements and development activities in line with the feedback received from all users.  
 
In order to observe the performance of the developed device prototypes, trial, and test studies were 
continued in the clothing company. The findings regarding the results of the data transfer test 
performed with more than 100,000 data for 3 months for version 6 are shown in Table 1. 
 

Table 1. Data transfer test findings of the DOR IoT 
 

 DOR IoT v6.0 

Data Count Accuracy Rate 99,64% 

Data Transfer Accuracy Rate 99,73% 

 
There is the necessary notification and warning system. In line with conditions such as 
productivity, bottleneck operations, and repair rates, the system allows intervention in problems 
immediately by developing features for automatic notifications via mobile applications and 
sending end-of-day productivity reports via e-mail. 
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Figure 5. Quantum MES notifications and e-mail report samples  
 
The YASA system (Digital Transformation System) was developed within the scope of the project; 
while the production of the pieces was in progress, automatic data was obtained with DOR IoT 
counting devices, the cycle time of the work, the performance of the operator, and the operating 
productivity were automatically calculated with the Quantum MES application software. The data 
obtained, the weak points and bottlenecks in the process were instantly identified, and alternative 
solutions were developed, thus improving the production processes. 
 
When the data of the sewing department where the YASA system was established are examined, 
in the 3 months period and; 
 8,02 % increase in planting productivity, 
 14,21% increase in package productivity, 
 9,52 % in general operating productivity were provided (Figure 6). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. General productivity analysis 
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DOR IoT counting devices are set up at the entrance and exit of 14 production lines in the 
production facility. Moreover, the data of 1 selected line (line no: 2) were also analyzed.  
 
In the line no-2 during 3 months;   

 14,75 % increase in planting productivity, 

 18,55 % increase in package productivity, 

 15,30 % increase in the overall efficiency (Figure 7). 
 
This increase in productivity made it possible to detect bottleneck points instantly with the YASA 
system, to interve ne quickly in-line stocks formed between sewing operations, to instantly monitor 
the production-error-maintenance data from the enterprise, and to solve the problems in the 
production line quickly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Line no:2 productivity analysis 

 
In addition, the performance of the operators can be analyzed in detail by obtaining daily, weekly, 
and monthly reports, and the necessary practice can be provided for the operators to apply the right 
methods with the help of the Yasa system. In line with all these factors, sustainable development 
in sewing businesses is achieved with digital transformation. 
 
4. CONCLUSIONS and RECOMMENDATIONS 
 
With the system developed within the scope of the study, it has been shown that the Industry 4.0 
philosophy can be applied even in a labor-intensive sector such as the clothing industry. 
Considering the results obtained in this way, the following points that the company gained 
accordingly can be listed. 
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• “Operation Bank” was prepared by listing more than 400 sewing operations. In this way, 
standardization and methodological improvement are provided in production. 
• Owing to the model preparation module, a model can be created quickly with the operations 
that can be selected from the operation bank and the draft models that can be used on the basis of 
product type. 
• Fast and realistic work assignments can be made with the multi-criteria operator competence 
analysis system (CAS) developed specifically for sewing operators. 
• With the machine identification module, inventory lists that indicate which line the machines 
in the production facility belong to can be quickly created. 
• With the developed line pre-setup module, the dynamic structure of the department can be 
captured and communication-related data losses that may occur can be prevented. 
• Instant tracking of production data coming from DOR IoT can be done and an infrastructure 
is created for the transition to lean production with the in-line stock monitoring screen. 
• With the Quantum MES web application, it is possible to convert sewing companies into 
knowledge-intensive production by managing the order, facility, sewing line, operator, operation, 
and productivity reports. 
 
SWOT analysis was carried out for the general evaluation of the data obtained in the study and the 
system. 
 

 
Figure 8. The SWOT analysis 

 
The output of this study will be useful for the managers and owners of clothing companies, the 
clothing industry, and academicians who work in this field will gain from the results of this study. 
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ABSTRACT  
 
The correct fitting of compression clothes to the individual geometry of the patient's body is an important aspect of 
compression therapy to achieve the desired therapeutic success. The 4D body scanning and related software is 
advanced tool for measurement accuracy of body shape and size. Furthermore, the scanning allows the quick 
estimation the compression stockings functionality that was investigated in this work. This study is initial stage for 
future development of for high quality compression garments based on individual concept. 
 
Key Words: 4D body scanning, static and dynamic position, lower leg, body size and shape, compression stocking 
 
1. INTRODUCTION  
 
Compression garment are skin-tight elastic garment designed to apply pressure to a certain part of 
the body. It is widely used in professional sports for better performance and recovery after exercise 
[1], the garments with a slight pressure designed are becoming more popular for body shaping 
purpose [2]. And of course it have been utilized for medical reasons for many years [3],[4]: in the 
treatment of burns (scar management), low blood pressure, muscle strains and sprains; to 
accelerate the healing process and prevent deep vein thrombosis, oedema etc. The compression 
garment should be made in huge diversity of the sizes and the shapes to follow the body`s contours 
and to suit different body types and parts. The performance of such product (pressure level and 
rigidity) depends greatly on end-use and functionality. 
 
The correct adaptation of compression clothes to the individual geometry of the body is an 
important aspect both compression effect and clothes comfort [5]. Ussually, the appropriate girths 
and lengths are collected with a measuring tape (for example, for the leg), and then the compression 
garment is selected according to the compression level and the size table of the current standard 
[6]. Pre-sized garments available from number of commercial companies in a variety of styles and 
sizes for all body parts, but they do not normally fit patients perfectly. The scientists around the 
world are working to improve understanding of the main points of designing compression clothing 
[7]. 
 
With improvement 3D scanning technology, new approach to design the compression garment   
was developed based on virtual method [9], which has few stages. The investigation of system 
“body-compression garments” is the most important one and less studied despite many works in 
the area [8]. They are mostly focused on flattening of the 3D surface that has ‘‘negative ease’’ 
compared to the surface of the avatar [9] or/and create the high accuracy model to predict the 
pressure at the intended points on the human body [10]. 
 
The main goal of this research is study the individual geometry of the lower leg and the changes 
of their sizes and shapes within wearing time of stockings and different activity as well as changes 
in pressure occurred at the same time. The study focuses on 4D body scanning as tool for high 
quality personal compression garments development. 
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2. EXPERIMENTAL 
 
The modular photogrammetry based 3D/4D capture and analysis system MOVE 4D [11] at ITM 
TU Dresden make it possible to capture body movement with frequency 20 frame per sec. Three 
volunteers with the same 25 hosiary size [12] were scanned.The scanning was done for control leg 
and within stocking wearing at standing position and different activity (Figure 1). Conventional 
stocking and two classes of compression stockings (I CCl and II CCl) were used. The scanning 
was performed just after putting on stockings (0 hour) and after 1 and 4 hour wearing. The persons 
did their usual ruitin activity between scanning 

 

 
 

Figure 1. Examples of captions of lower leg during activity 
 

The measurements were done between ankle (10 cm from floor) and calf (30 cm from floor). 
MeshLab and ParaView software was used for data processing, measuring leg sizes changes and 
comparisons the legs shapes. 
 
The texsens force and pressure measuring device developed by novel.de were used. Measurement 
time was 60 sec (1 min) with 0.02 sec frequency.  

 
3. RESULTS AND DISCUSSION 
 
Research results of legs area at 30 cm site for the first volunteer are presented in Table 1 and in 
Figure 2. The area`s changes was compared to control leg. It is clear that there is increasing in 
leg`s size within wearing time of conventional stocking. It is due to leg`s swelling. The area 
increases up to 9 %, 11 %, 12 % at the calf and up to 15 %, 16 %, 18 % at the ankle for second, 
first and third volunteer respectively. 
 
Just after put on compression stocking the legs area decrease due to compression effect. But within 
the wearing time there is different tendencies for different people. For the first and third volunteers 
the area increased while wearing I CCl stocking and was similar to control leg while wearing II 
CCl stocking. For the second volunteer the area kept size similar to control leg while wearing I 
CCl stocking even. Thus, I CCl stocking was recommended for second volunteer and II CCl 
stocking was recommended for others. 
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Table 1. Right leg area at 30 cm site (first volonteer) 

 

Activity Time 
Conventional I CCl  II CCl 

S [cm2] Δ [%] S [cm2] Δ [%] S [cm2] Δ [%] 

Static 
position 

Control 119 – 128 – 134 – 

0 hour 119 0 126 -1.9 124 -7.9 

1 hour 130 9.1 136 6.3 131 -2.1 

4 hours 133 11.1 138 7.5 131 -2.4 

Walking 
(max 
value) 

Control 119 – 128 – 129 – 

0 hour 119 0 126 -1.6 126 -2.3 

1 hour 130 9.2 133 3.9 127 -1.6 

4 hours 132 10.9 135 5.5 131 1.6 

Tip toe 
(max 
value) 

Control 118 - 122 - 128 - 

0 hour 118 0 121 -0.8 123 -3.9 

1 hour 127 7.6 130 6.6 127 -0.8 

4 hours 128 8.5 131 7.4 127 -0.8 

 
The legs scans and appropriate software give quick compare of legs shape during wearing time 
and different activity. The evaluation can be done not only by leg area at certain cite, but by the 
cross-sectional contours (Figure 2) and circumferences as well. It allows evaluate legs part changed 
more and even calculate the curvature radius. 

 

   
a. Conventional b. I CCl c. II CCl 

 
Figure 2. Changes in the right leg`s shape at 30 cm level at the static position 

 
The leg size and shape changes not only during time but during different activity as well. The plot 
in Figure 4 presents results of changes in leg girth at 30 cm level during standing up to tip toe 
position. The maximal difference is 7 mm that is 1.8 %. This change leads to changes in stocking`s 
pressure on lower limb (Figure 3). 
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a. Conventional stocking 

 

 
b. I compression class 

 

 
c. II compression class 

 
Figure 3. Pressure at 30 cm level within standing up to tip toe position (0 hour) 
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Figure 4. Changes in the right leg`s girth at 30 cm level within standing up on tip toe  

 
The study results and scanned legs are the basis for development of graduated compression 
stocking design on individual concept. 
 
4. CONCLUSIONS 
 
The research results show that changes in leg size (circumferences and areas) leads to changes in 
pressure level delivered by stockings. By processing data it was clarified the compression stocking 
of which class more effective and more useful for scanned person. It could be conclude that the 
scanning allows the quick estimation the compression stockings functionality. The avatar of certain 
person and the real data of his sizes are the initial point for individual stocking creation and it will 
be followed by development a tool for high accuracy ready-to-wear compression garments design. 
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ABSTRACT 
 
Textile Reinforced Concrete (TRC) is an innovative building material that combines the durability of concrete with 
the strength, flexibility, and versatility of textiles. This review presents an analysis of TRC, covering its composition 
and manufacturing methods, mechanical properties, durability, and potential applications. It concludes with a 
discussion on some current challenges and future prospects of TRC.  The review aims to enhance existing knowledge 
and highlight research advances in the area by providing valuable information for researchers and engineers in the 
textile and construction fields. 
 
Keywords: Textile reinforced concrete; fiber; textile; matrix   
 
1. COMPOSITION AND MANUFACTURING METHODS 
 
TRC is generally manufactured by impregnating the textile reinforcement material with the 
concrete matrix. TRC consists of a combination of cementitious materials, fine and coarse 
aggregates, water, and textile reinforcement. The composition may vary based on the specific 
project requirements and desired performance characteristics. In TRC, technical textiles are used 
as reinforcement to carry the tensile forces. This eliminates the need for steel reinforcement in the 
concrete. As can be seen in Figure 1, TRC combines essential elements from both traditional steel-
reinforced concrete and chopped fiber-reinforced concrete [1]. 
 

 
Figure 1: Comparison between different  systems of reinforcement [2] 

 
Cementitious materials, aggregates, water, textile reinforcement, adhesive or matrix: the 
proportions and mix design of the components mentioned above are crucial to achieve the desired 
mechanical properties and performance of TRC. Factors such as the specific application, required 
strength, durability, and environmental conditions need to be considered during the mix design 
process. It is important to follow recognized standards and guidelines to ensure a well-balanced 
and optimized composition of TRC [1]. 
The choice of fiber type, fiber content, and fiber orientation within the textile reinforcement 
depends on a number of elements, including the desired performance, structural requirements, and 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

259 
 

environmental circumstances. To ensure the TRC performs at its best and lasts as long as possible, 
the fibers should be chosen in compliance with applicable norms and rules. 
The textile reinforcement part consists of various types of fibers, including glass, carbon, aramid, 
basalt [3], and natural fibers, such as jute, flax, or hemp [4] (see Figure 2). These fibers are 
generally used in two forms: as staple fibers or as fabric [5]. 
 

 
Figure 2. Textile fibre reinforcements: (a) carbon-fibre textile; (b) basalt-fibre textile; (c) glass -fibre textile; and (d) 

PBO-fibre textile [6] 
 
Here are some commonly used fibers in textile reinforcement concretes: 
 
Carbon Fibers 
Carbon fibers are high-strength and lightweight fibers that provide excellent mechanical properties 
to TRCs. They have a high modulus of elasticity, low thermal expansion coefficient, and good 
resistance to chemical corrosion. The carbon fibers in carbon fiber reinforced concrete serve to 
provide the smart action as well as improved structural performance. Furthermore, the addition of 
carbon fibers to concrete can be achieved by simply using the conventional stone concrete mixer. 
The addition of carbon fibers to concrete increases the flexural strength, flexural toughness and 
freeze-thaw durability, and to decrease the drying shrinkage  and the electrical resistivity [7]. 
 
Basalt Fibers 
Basalt fibers are a type of reinforcing material that can be used in textile reinforced concrete (TRC). 
Zhou et al. conducted an experimental study on the basic mechanical properties of  Basalt Fiber 
Reinforced Concrete (BFRC). The toughness and crack resistance performance of BFRC were 
evaluated using fracture energy, improved toughness parameters, and characteristic length. The 
results showed that basalt fiber significantly improves the toughness and crack resistance 
performance of concrete. 
Basalt fibers have high interfacial bond strength with concrete, which increases the reinforcing 
effect of fiber-reinforced concrete. The fibers are perfectly distributed in the concrete, limiting the 
ability of the fibers to stretch. This combination of basalt fibers and concrete improves the overall 
mechanical properties of the composite material. Basalt fiber and carbon woven fabrics, both of 
which are widely utilized, are shown in Figure 3. Basalt fibers have drawn more attention in recent 
years because of their superior mechanical qualities [8]. 

 

 
Figure 3.  Woven fabrics: (a) basalt fiber fabric, (b) carbon fiber fabric [8] 
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Glass Fibers 
Glass fibers are widely used in TRCs due to their relatively low cost and good mechanical 
properties. The combination of glass fibers with a cement-based matrix helps maintain their 
respective physical and chemical attributes, resulting in the creation of TRCs with diverse physical 
and mechanical properties [9].  In general terms, glass fibers play a role in improving the bending 
strength of TRCs, while cement based matrix provides the load transfer between the fibers. This 
synergy between glass fibers and the cement matrix allows for the customization of TRCs to 
achieve specific performance objectives [1].  
 
Aramid Fibers: 
Aramid fiber was the first organic fiber used as reinforcement in advanced composites with high 
enough tensile modulus and strength. When compared on an equal weight basis, aramid fibers 
surpass both steel and glass fibers in terms of mechanical properties. Particularly, aramid fibers 
possess inherent resistance to heat and flames, ensuring that these exceptional properties remain 
intact even under high-temperature conditions [10]. 
                             
Natural Fibers 
Natural fibers reinforced polymer composite materials are of great interest owing to their eco-
friendly nature, lightweight, life-cycle superiority, biodegradability, low cost, and noble 
mechanical properties. Natural fibers, including jute, flax, hemp, and sisal, are gaining attention as 
sustainable alternatives for textile reinforcement in concrete [11]. 
 
2. MECHANICAL PROPERTIES OF TRC 
 
Textile reinforced concrete (TRC) is a composite material consisting of concrete embedded with 
a textile reinforcement typically made of high-strength fibers such as glass, carbon, or basalt. These 
fibers improve the structural integrity of the TRC, allowing it to effectively withstand tensile, 
bending and impact loads. TRC's outstanding mechanical properties make it well suited for a 
variety of structural applications. Extensive research has been done on the mechanical properties 
of TRC, which consistently demonstrates its outstanding performance [12]. 
 
TRC exhibits significantly higher tensile and flexural strengths compared to conventional concrete, 
demonstrating its structural improvement potential. In addition, TRC sets it apart from 
conventional plain concrete by exhibiting exceptional impact resistance, a property critical to 
ensure both durability and longevity. In particular, it has been observed that increasing the fiber 
content or using high performance concrete mixes can further improve the mechanical properties 
of TRC. For example, Vignan et al. (2020) observed a 10% increase in the tensile strength and 
flexural strength of TRC when the fiber content was increased from 2% to 4% [13]. 
 
The tensile strength of TRC can reach 10 times that of standard concrete, and its bending strength 
can reach up to 5 times that of conventional concrete. In addition, TRC exhibits significantly 
improved fatigue behavior compared to conventional concrete. 
 
Valeri et al. (2020) discovered that textile-reinforced TRC specimens exhibit superior energy 
absorption and greater damage resistance compared to their non-textile-reinforced counterparts. 
Moreover, their findings revealed that further improvements in impact resistance could be 
achieved by increasing the fiber content and concrete strength and adopting a lower impact loading 
rate. Impact resistance was found to be affected by variables such as textile reinforcement type and 
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concrete mix design. This extensive research underlines TRC's outstanding mechanical properties, 
solidifying its position as a high-performance building material [14]. 
 
Durability 
Similar to mechanical attributes, TRC's durability is influenced by various factors, encompassing 
textile reinforcement type, fiber content, resin variety, TRC thickness, and water pressure. The 
choice of impregnation material for TRC also plays a pivotal role in its durability.  
TRC amalgamates textile mechanical properties with concrete's durability and load-bearing 
capacity. Given its practical application, long-term durability is a crucial consideration. The 
complex interplay of factors affecting TRC's efficacy is an ongoing area of research. 
 
In essence, TRC stands as a robust material that can withstand diverse conditions [15]. To enhance 
TRC's durability, strategies encompass advanced concrete mixes, corrosion-resistant textile 
reinforcements, protective coatings, and cathodic protection. Ongoing research is exploring TRC's 
long-term endurance, considering environmental factors, impregnation materials, and prestressing. 
While TRC exhibits encouraging results in terms of durability, load-bearing capacity, and 
structural performance, further inquiry is essential to fully unravel and optimize its long-term 
durability for practical applications [16]. 
 
3. APPLICATIONS 
Textile-reinforced concrete (TRC) finds multiple applications in construction. It serves as a retrofit 
solution for existing steel-reinforced concrete buildings, such as the restoration of structures on 
the National Register of Historic Places. TRC acts as a reinforcement layer for pre-existing 
structural elements and new projects alike. (Fig. 4) Its thin, high tensile strength layers make it a 
suitable choice for shell construction [17].   
 

 
Figure 4. Reinforcement applications of textile reinforced structures [18] 

 
TRC extends beyond buildings, bolstering masonry constructions and roadway pavements. It 
proves valuable for structural maintenance tasks, including strengthening, sealing, and protecting 
existing structures. Its adaptability to specific building requirements is an added advantage [19]. 
 
In summary, TRC serves various purposes in construction by reinforcing structural elements and 
retrofitting existing structures. Its compatibility with shell construction, robust tensile strength, and 
adaptability to architectural needs set it apart. Ongoing research aims to enhance TRC functionality 
and predict its mechanical behavior. 
 
4. CONCLUSION AND FUTURE PROSPECTS 
In the area of textile-reinforced concrete (TRC), significant steps have been made in terms of 
results and future expectations. Extensive research has revealed the impressive mechanical 
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properties of TRC, showcasing its enhanced tensile, flexural, and impact strengths when compared 
to conventional concrete. These findings underscore TRC's potential for structural reinforcement 
and retrofitting applications. 
 
Looking ahead, the future of TRC holds promise in multiple directions. Continued research is 
anticipated to refine TRC's composition, further enhancing its durability and load-bearing 
capabilities. Moreover, ongoing studies aim to predict TRC's long-term performance under varying 
environmental conditions, bolstering its practical utility in sustainable construction. 
In essence, TRC's remarkable present achievements are shaping a future that aspirates to elevate 
its mechanical properties, expand its application domains, and solidify its standing as a cutting-
edge solution for sustainable and resilient construction practices. 
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ABSTRACT  
 
In this study, antibacterial nanofibrous surfaces were fabricated using thermoplastic polyurethane and tea tree oil by 
the electrospinning method. Morphological (Scanning Electron Microscope) and biological (antibacterial activity and 
cytotoxicity) characterization studies were carried out.  The results demonstrate that tea tree oil can be used to confer 
antibacterial activity of TPU nanofibers. 
 
Key Words: Essential oil, nanofiber, electrospinning, antibacterial, cytotoxicity 
 
1. INTRODUCTION 
 
The nanofibrous materials used in functional textile materials is becoming increasingly important, 
exclusively by means of their characteristics such as superior porosity, large surface area, and the 
usability of several polymer types [1]. There are many different techniques to fabricate of 
nanofibrous materials, such as electrospinning, template synthesis, phase separation, self-
assembly, and drawing. Electrospinning is a widely used method for nanofiber production since it 
has many advantages, such as low cost and easy to apply [2].  
 
Electrospun nanofibers demonstrate a novel category of materials that show great potential in 
various biomedical applications including drug delivery, tissue engineering, and wound healing. 
Electrospun nanofibrous surfaces can gain functional properties due to the type of polymer used 
or the active ingredients added to the polymer solution. [3]. Since increasing environmental and 
health problems in recent years, the use of natural ingredients has become more remarkable for the 
functionalization of electrospun nanofibers. Essential oils which are complex substances of natural 
volatile compounds that can functionalize the nanofibrous materials due to their antimicrobial, 
antifungal and anti-inflammatory etc. properties.  
 
Tea tree oil, one of the essential oils, has high antimicrobial properties and has become used in 
many different areas such as packaging, filtration and medical textiles [4]. Tea tree oil (Melaleuca 
alternifolia) has an antimicrobial effect due to the terpinen-4-ol chemo types, 1,8-cineol and many 
other compounds in it [5]. However, the skin irritation can limit its direct topical application as a 
wound-healing material. Thus, in this study, tea tree oil loaded nanofibrous surfaces were produced 
to obtain antibacterial materials for wound dressing applications.  
 
2. EXPERIMENTAL 
 
Thermoplastic polyurethane was selected as polymer in the nanofiber production. The spinning 
solutions were prepared by adding tea tree oil to the polymer solution, and then nanofibers were 
produced by electrospinning method. Characterization of the nanofibrous surfaces were evaluated 
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by scanning electron microscopy (SEM). The antibacterial activities and the cytotoxicity properties 
were evaluated by disk diffusion and extraction methods, respectively. 
 
3. RESULTS AND DISCUSSION 
 
The surface morphology of the nanofibers was investigated by SEM imaging. Bead free and 
uniform photochromic nanofibers were produced (Figure 1). Mean fiber diameters of the 
nanofibers were approximately 600-700 nm. 
 

Neat nanofibers 

 
 

Tea tree oil loaded nanofibers 

 
 

Figure 1. SEM images of the nanofibers 
 
As a result of the antibacterial test, it was observed that the tea tree loaded nanofibers showed 
antibacterial activity against S. aureus and E. coli bacteria (Figure 2). In addition, in cytotoxicity 
tests, no toxicity was observed after 24 and 48 hours of incubation of the nanofiber surface 
containing tea tree oil. 
 

S. aureus 

 

E. coli 

 
 

Figure 2. Antibacterial activity test results of the tea tree loaded nanofibers 
 
 
4. CONCLUSION 
 
In this study, tea tree oil loaded nanofibers were produced by electrospinning method. Based on 
the SEM analyses, it was evaluated that bead free and uniform nanofibers were obtained. it was 
observed that smooth nanofibers could be obtained, these nanofibrous surfaces had antibacterial 
properties and did not show cytotoxicity. Thus, it is thought that tea tree oil loaded nanofibrous 
surfaces may have a potential to be used in wound dressing applications. 
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ABSTRACT 
 
Elastic textile materials such as corsets, bandages, posture correctors, wristbands, etc. are widely used for the treatment 
of some medical problems. These elastic textile products must have various physical and mechanical properties in 
order not to restrict freedom of movement, to provide comfort to the user, and to provide the required level of 
compression. In this study, the compressive performances of elastic warp knitted fabrics used for medical purposes 
were investigated. In this context, elastic warp knitted samples suitable for medical use were produced with different 
guide bar yarn arrangements and weft yarn materials. According to the obtained results, elastic fabrics produced from 
natural fibers exert higher pressure than those produced with polyester fibers, and the pressure values also increase 
with the increase in the amount of elastomer in the structure. Also, for all weft yarn materials, the pressure values 
applied by the fabric samples decrease as the elongation of the fabric increases. Additionally, various equations with 
high accuracy were calculated between the pressure and studied parameters. 
 
Key Words: Warp knitting, medical textiles, laid-in yarn, elastomer threading, compression 
 
1. INTRODUCTION 
 
Medical textiles are an essential sub-group of technical textiles. With the use of textile products 
for medicinal purposes, diseases could be prevented or healed. As the life expectancy of humans 
extends and individuals become less active, medical conditions regarding the musculoskeletal 
system have become prevalent. For the treatment of these medical problems, elastic textile 
materials, such as corsets, bandages, posture correctors, wristbands, etc., are suggested by 
physicians. Elastic knitted fabrics are widely used in tight-fitting garments and supportive medical 
products because of their high elastic recovery, shape retention, and conformity with the shape of 
the body [1].  
 
The main feature of medical fixing and compression devices is the use of elastic textile material, 
in particular knitted fabric. The product does not restrict movement freedom and provides the 
required compression level [2]. Elastic bandages, produced on crochet machines, are stretchable 
textile surfaces used to create localized pressure. They must have different levels of elasticity up 
to the usage area.  
 
Compression, either active or passive, mainly aims to reduce or control venous reflux and 
peripheral oedema, by applying bandages or stockings [3]. The success of a bandage depends on 
the appropriate selection and use of four properties of compression bandages, namely, pressure, 
layers, components, and elastic properties (P-LA-C-E) [4]. The tension level of bandages depends 
on the type of construction, yarn material, and/or elastomer yarn amount in the fabric [5]. These 
products are expected to fulfill three criteria given below. They should have proper elongation and 
elasticity characteristics [2], apply a suitable amount of pressure onto the body, and provide 
comfort. The effectiveness of compression bandaging depends on the degree of pressure provided 
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[6]. The pressure created by a bandage is determined by the tension in the fabric that is exerted 
when the bandage is applied, the radius of curvature of the limb, and the width and number of 
layers applied. In a recent consensus meeting, a new classification system for compression 
bandages with four pressure ranges was recommended. The compression pressure of<20 mmHg 
has been categorized as mild, 20 to <40 mmHg as medium, 40 to <60 mmHg as strong, and ≥60 
mmHg as very strong [4]. It was shown that high compression is more effective than low. 
 
According to Keller et al [7], self-assessment and self-control without an objective device to 
measure the pressure are not sufficient to evaluate bandaging skills. Karafa and Karafova [8] 
investigated the healing time of a venous leg ulcer that underwent routine pressure control with 
the Kikuhime device at each bandage renewal. They found that the healing time of a wound with 
an area of approximately 20 cm2 could be reduced to four weeks by applying bandages twice a day 
during the first week of treatment. They suggested that bandage pressure plays an important role 
in treatment and that some reliable tools such as the Kikuhime device should be used to determine 
the pressure value. 
 
Laplace's Law is widely used to predict the pressure created by a compression product immediately 
after application. The mechanics  can be described by the following equation: 
 

P =  T R⁄        (1) 
where P – pressure, Pa; 
T – tension of material, N; 
R – radius of surface (cylinder), m. 
 
Over the past decades, this equation has undergone several revisions and refinements for use in 
predicting static contact pressure [9], but the tension of the material and the curvature`s radius 
remain the most influential factors. Therefore, an important step in the investigation of elastic 
materials is the study of the stress-strain system [10]. 
 
This study aims to determine the pressure performances of elastic warp-knitted fabrics used for 
medical purposes. In this context, the effect of weft yarn material and threading of elastomer on 
the pressure performances of the elastic warp knitted fabrics. Thus, by determining the least set of 
elastomers and the appropriate knit structure to provide the expected pressure level after 
experiments, the elastic fabric that has the best performance properties and the lowest cost will be 
produced. 
 
2. MATERIALS AND METHODS 
 
2.1.  Materials 
 
Totally 13 fabric specimens were produced on a 15-gauge crochet knitting machine with 4 guide 
bars using 4 different threading orders for elastomer yarn and 4 different yarn materials for in-lay 
transverse weft yarns. Yarn feeding tension, fabric takedown load, and the number of used needles 
were kept constant for all specimens. 
 
The closed pillar stitches (Figure 1.a) were knitted using 16.7 tex polyester threads which were fed 
from a fully threaded guide bar for the ground. Pillar stitches are used mainly as a ground for 
structures, connected by weft yarns [11, 12]. The 0.8 mm diameter polyurethane elastomer thread 
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was longitudinally fed into the knitting zone with a preliminary elongation of 270 % to provide 
the functional properties of fabrics (Figure 1.b). To determine the influence of the guide bar 
threading arrangement on the fabric structure and parameters, four different polyurethane 
threading options were used as given in Table 1. The set of elastomer was calculated by dividing 
the number of elastomer by the total number of threads in a repeat. The other two guide bars (Figure 
1.c and 1.d) were used to insert weft yarns in the transverse direction on both sides of the 
polyurethane threads. Polyester, cotton, and linen yarns were used as weft yarns to create elastic 
fabrics with various raw material compositions. 
 

 
 

Figure 1. Lapping diagram: (a) first guide bar (pillar stitch), (b) third guide bar (elastomer thread), and (c) and (d) 
second and fourth guide bars (weft yarns). 

 
Table 1. Threading of elastomer yarn and type of weft yarn materials 

 

Variant Threading 
Set of 

Elastomer (%) 
Type of materials 

I PET 2 1 in, 1 out 50 33.4 tex polyester (96 filaments) 2 
ply 

II PET 2 2 in, 1 out 67 33.4 tex polyester (96 filaments) 2 
ply 

III PET 2 3 in, 1 out 75 33.4 tex polyester (96 filaments) 2 
ply 

IV PET 2 Full 100 33.4 tex polyester (96 filaments) 2 
ply 

I PET 4 1 in, 1 out 50 33.4 tex polyester (96 filaments) 4 
ply 

II PET 4 2 in, 1 out 67 33.4 tex polyester (96 filaments) 4 
ply 

III PET 4 3 in, 1 out 75 33.4 tex polyester (96 filaments) 4 
ply 

IV PET 4 Full 100 33.4 tex polyester (96 filaments) 4 
ply 

I COT 1 in, 1 out 50 29.0 tex cotton yarn 4 ply 
II COT 2 in, 1 out 67 29.0 tex cotton yarn 4 ply 
III COT 3 in, 1 out 75 29.0 tex cotton yarn 4 ply 
IV COT Full 100 29.0 tex cotton yarn 4 ply 
II LIN 2 in, 1 out 67 29.0 tex linen yarn 4 ply 
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2.2.  Methods 
 
In our previous studies, the structural properties (mass per unit area, stitch density, and thickness), 
elastic behavior, and thermal comfort properties of the specimens (fabric density, air permeability, 
thermal conductivity, thermal resistance, and water vapour resistance) were determined [11, 13]. 
Investigating the effect of elastomer threading arrangement and weft yarn material on compression 
characteristics of the specimens was aimed in this research. The pressure exerted by elastic textile 
materials depends on their structural properties such as raw material, fabric structure, elongation, 
elasticity, and additionally the diameter of the usage area. For the pressure measurement, the fabric 
specimens were cut to the size of 26x5.5 cm and each specimen was sewn at the short edges to 
give a ring form. The fabric ring was stretched and placed on a metal disk. The pressure exerted 
by the fabric on the metal disk was measured with the help of a Kikuhime pressure monitor (Figure 
2). To ensure the different pressure levels, three measurement disks with varied diameters (8, 9, 
and 10 cm) were used. With these disks, the fabric extension values were measured as 8%, 20%, 
and 32%, respectively.   
 

 
 

Figure 2. Measurements on Kikuhime pressure monitor 
 
In our previous research [11], the elastic behaviours of fabrics were studied using Zwick Roell 
Z010 instrument according to BS EN ISO 20932-1. The fabric`s specimens were subjected to five 
cycles of 35 N loading. Four parameters were obtained: elongation S, permanent deformation C, 
recovered elongation D, and elastic recovery R. In this study, the force-elongation graphs in Figure 
3 for the first loading cycle were used to determine the force values that should be applied to the 
fabrics to obtain 8%, 20%, and 32% extensions.  
 

 
 

Figure 3. Force determination at different extensions according to the first cycle on Zwick Roell Z010 test  
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3. RESULTS 
 
The results of pressure measurements are given in Table 2. Elongation and elastic recovery (BS 
EN ISO 20932-1) values for the specimens found in the previous study [11] were given in the same 
Table 2.  
 

Table 2. Properties of elastic warp knitted fabric. 
 

Variant 
Set of 

Elastomer 
(%) 

Pressure at 
different extension 

values  
P (mmHg) 

Force at different 
extension values  

F (N) 

Elongation  
at 5th cycle  

of 35 N 
loading S 

(%) 

Elastic 
recovery  

R (%) 
8% 20% 32% 8% 20% 32% 

PET 2 50 13 24 32 3.33 6.33 8.17 206 ± 1 97.1 
PET 2 67 17 32 41 4.84 8.44 10.63 192 ± 3 97.4 
PET 2 75 19 37 48 5.16 9.35 12.10 182 ± 1 98.0 
PET 2 100 24 45 59 6.67 12.17 15.50 147 ± 2 98.4 
PET 4 50 21 30 35 4.00 6.17 8.00 175 ± 2 97.3 
PET 4 67 24 39 44 5.24 7.94 10.16 168 ± 1 98.4 
PET 4 75 26 42 46 6.13 9.03 11.13 160 ± 2 99.2 
PET 4 100 38 56 63 8.23 12.42 15.16 142 ± 3 99.8 
COT 50 23 33 37 5.00 7.34 9.06 161 ± 2 98.5 
COT 67 31 43 49 6.29 9.35 11.61 154 ± 2 98.9 
COT 75 30 46 51 7.30 10.95 13.33 145 ± 1 99.3 
COT 100 42 57 72 9.35 13.87 17.26 122 ± 2 100.0 
LIN 67 32 39 51 5.63 8.75 11.25 166 ± 4 98.8 

 
The pressure results were evaluated according to the weft yarn type threading arrangement of 
elastomer threading, and extension levels.  
 
3.1 Effect of weft yarn type 
 
To ascertain how the weft yarn's composition affects the pressure values, the PET2, PET4, COT, 
and LIN specimens were compared with each other, in which the elastomer yarn has a 2 in, 1 out 
(67%) threading pattern. 
 
As expected, pressure values applied by elastic materials increase with the increase of the 
extension values applied to the specimens during measurements. (Figure 4). The results revealed 
that the material type of weft yarn influences the pressure values of elastic fabrics. According to 
the results, the elastic fabrics from natural fibers apply higher pressure than the elastic fabrics 
produced with polyester fibers. Additionally, the fabrics produced by using 2-ply of polyester yarn 
as weft have the lowest pressure value for whole fabric extension values. According to this result, 
as the transverse weft yarn's diameter increases, so does the fabric's pressure. 
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Figure 4. Effect of weft yarn type on pressure values for different extension levels   
 
3.2 Effect of threading arrangement 
 
The effect of the threading arrangement of elastomer on the pressure characteristic for each 
extension level was determined by comparing the measured values for different elastomer sets of 
elastomer for the specimens that have PET2, PET4, and COT weft yarns. 
 
The results showed that the threading arrangement of elastomer had a significant effect on the 
pressure level of whole elastic fabrics. As is seen from Figure 5, the pressure values increase with 
the increase of elastomers in the structure. Because all types of weft yarn materials noticed an 
increase in pressure value when the amount of elastomer yarn increased in the structure and the 
elongation value decreased. 
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Figure 5. Effect of elastomer threading arrangement on pressure values for different extension levels 

 
3.3 Effect of elongation value 
 
The relation between the pressure at different levels of extension and elongation at the 5th cycle of 
35 N loading for whole weft yarn materials is given in Figures 6, 7, and 8. As can be seen from 
the results and graphs, the pressure value applied by the fabric specimens decreases as the fabric`s 
elongation (S,%) increases for all weft yarn materials.  
 

 
 

Figure 6. Dependence of pressure at 8% extension on elongation at 5th cycle of 35 N loading 

0
10
20
30
40
50
60
70
80

100 120 140 160 180 200 220

Pr
es

su
re

, m
m

H
g

S, %Pet 2 Pet 4 Cot Lin



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

274 
 

 
 

Figure 7. Dependence of pressure at 20% extension on elongation at 5th cycle of 35 N loading 
 

 
 

Figure 8. Dependence of pressure at 32% extension on elongation at 5th cycle of 35 N loading 
 

Mathematically processing the experimental data, the following equations were obtained between 
the elongation at the 5th cycle of 35 N loading (S) and pressure at different extension levels (Table 
3) for all material types and all elastomer set values. These equations allow us to determine the 
pressure of elastic warp knitted fabrics with high accuracy in case of changing elongation values. 
 

Table 3. Equations between the pressure and elongation (S) values. 
 

Elongation Equations (mmHG) R2 
8% P =80.1 - 0.33 S 0.81 
20% P =103.7 - 0.39 S               0.83 
32% P =117.8 - 0.43 S 0.71 

 
3.4 Dependences of pressure value on the load at different extension levels 
 
The relation between the pressure at different extensions and the force applied to the specimens 
loading for the first loading cycle is given in Figure 9. In this graph, all pressure values obtained 
for all weft yarn types and elastomer layouts are used. According to the results, it is seen that as 
the applied force value increases for all specimens, the pressure values applied by the specimens 
increase as expected. It is completely correlated to the Laplace Law. 
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Figure 9. Dependence of the pressure at different extension levels on the force applied to the specimens 
 
At the end of the mathematical processing of the experimental data, the following equations were 
obtained between the pressure and the force (F) applied to the specimens (Table 4) for whole 
material types and elastomer set values. Using these equations, it is possible to determine the 
pressure of elastic warp-knitted fabrics with high accuracy in case of changing force values applied 
to the specimens. 
 

Table 4. Equations between the pressure and force (F) values. 
 

Elongation Equations (mmHg) R2 
8% P = - 0.45 + 4.48 F 0.82 
20% P =  4.79 + 3.77 F               0.87 
32% P =  2.35 + 3.90 F 0.95 

For all specimens P =  3.22 + 3.87 F 0.94 
 
4. CONCLUSION 
 
The elastic warp knitted materials due to their higher extensibility and elasticity have been widely 
used in the production of medical and preventive products. Characteristics required to provide the 
necessary compression usually go against the properties related to comfort. Therefore, an optimum 
balance between pressure (compression) and comfort should be maintained. The pressure results 
were evaluated according to weft yarn type, threading arrangement of elastane threading, 
extension, and load at different extension levels. At the end of the study, the following results were 
found: 
 
- the type of raw material used as weft yarn affects the pressure values and when natural yarns 
are used instead of polyester yarn, the elastic bandages apply higher pressure; 
- pressure values increase with the increase of elastomers in the structure; 
- the elongation of elastic fabrics significantly affects the value of the pressure exerted on the 
disk;  
- the pressure values applied by the specimens increase when the applied force value increases; 
- various equations with high accuracy were calculated between the pressure and studied 
parameters.   
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By altering the threading arrangement of elastomer thread and weft yarn type, the developed 
mathematical equations enable a highly accurate determination of the expected pressure level in 
elastic warp knitted fabrics. According to the classification system for compression bandages, our 
specimens can be evaluated as strong (between 40-60 mmHg) at 32 % level for all weft yarn 
materials. 
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ABSTRACT 
 
In the textile industry, the increasing number of consumers and the trend of fast fashion, which causes the demand to 
be always high, put the consumption of resources in our world in great danger due to the consumption of non-
renewable raw materials and the pressure of natural fiber production. In recent years, this industry, like many other 
industrial areas, has been in search of solutions that support sustainability in raw material selection and production 
methods. During the production of natural vegetable fibers, tons of agricultural wastes such as roots, stems and leaves 
are generated. These wastes need to be disposed of in a beneficial way as the ecosystem cycle. In this sense, it is 
important in terms of fashion, product diversity and environment to bring the sustainable fiber obtained by converting 
crop wastes such as banana stems and pineapple leaves into a sustainable biodegradable fiber by a mechanical process 
into ring short fiber spinning technology. For this reason, within the scope of the study, yarns will be obtained from 
the blends of this new and environmentally friendly fiber with cotton and tencel, and yarn and fabric performance 
values will be evaluated by developing knitted fabrics from these yarns. 
 
Key Words: Sustainable Raw Material, Ring Spinning Technology, Agricultural Waste 
 
1. INTRODUCTION 
 
With the rapid factorization and the emergence of mass production in textile industry, the use of 
traditional production methods has decreased, and besides, natural raw materials could not meet 
the need, and the use of synthetic fibers and mass production in the textile and fashion industries 
had devastating effects on the environment and ecosystem. Global annual fiber production in 2017 
was over 105 million tons (Mt), with polyester (53.7 Mt) and cotton (25.8 Mt) accounting for 76% 
of the total; regenerated cellulosics (eg lyocell, viscose; 6.7 Mt), other plant fibers (eg flax, hemp; 
5.6 Mt), polyamides (5.7 Mt), polypropylene (6 Mt), wool (1.2 Mt) Mt) and other natural fibers 
(0.4 Mt) appear to make up the rest[1].  According to these data, it is known that the use of synthetic 
raw materials in the textile sector is high and therefore the environmental burden of the sector 
increases. According to the data of the European Union Commission, when the textile sector can 
move to sustainability improvements and a circular economy and become carbon-neutral, it is 
considered to be the 3rd largest sector by volume in reducing global carbon emissions[2]. From 
this point of view, in order to reduce the use of synthetic raw materials, not only natural fiber 
production is sufficient, but also environmentally friendly alternative raw materials that serve zero 
carbon footprint targets should be brought to the textile industry by adding the wastes generated 
in the production processes to the cycle. Sustainable fiber is a biodegradable textile fiber produced 
from low-value agricultural waste, including oilseed hemp, oilseed flax, wheat, rice, corn, 
pineapple leaves, banana stems and more. This fiber is obtained by purifying residues from various 
food and pharmaceutical plants, including oilseed hemp/flax, CBD hemp, banana and pineapple, 
into soft fiber bundles ready to be spun using a special wet processing technique. With this study, 
it is aimed to bring this sustainable fiber into the ring short fiber spinning technology by developing 
yarns from the blends of cotton and tencel and obtaining knitted fabrics from these yarns with an 
environmentally friendly approach.  
 
 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

278 
 

2. MATERIAL and METHOD 
 
2.1.Material 
 
Within the scope of the study, yarns of Ne 24/1 fineness were obtained by ring spinning technology 
by using 15% Sustainable Fiber 85% Cotton and 15% Sustainable Fiber 85% Tencel blends. The 
characteristic features of the raw materials used are given in Table 1 and the longitudinal section 
view of the sustainable fiber used within the scope of the study, taken with a light microscope, is 
given in Figure 1. 
 

Table 1. Characteristics of Raw Materials Used in the Study 
 

 
Sustainable 

Fiber 
Cotton Tencel 

Fiber fineness 17-22 micron 4,4 micron 1,33 dtex 
     Fiber length 25-40 mm 30 mm 38 mm 

 

 
 

Figure 1: Longitudinal section view of sustainable fiber (20x) 
 
2.1.Method 
 
These yarns obtained within the scope of the study were conditioned for 24 hours under 20+/-2 0C 
temperature 65+/-50C humidity laboratory conditions, and their yarn strength values were 
determined in Uster Tensojet-4 device in accordance with TS 245 EN ISO 2062 standards, 
unevenness (%Cvm) and yarn defects such as thin places (-50%/km), thick places (+50%/km) and 
neps (+200%/km) were measured in Uster Tester-6 device using TS 628 standard. Then, knitted 
fabrics with a weight of 170 gr/m2 were obtained from these yarns in a 30 pus 28 fine circular 
knitting machine. Knitted fabrics developed within the scope of the study were subjected to pilling 
tests according to EN ISO 12945-2 standard, air permeability according to TS 391 EN ISO 9237 
standard and moisture transmission tests according to AATCC 195 standard. 
 
3. RESULTS and DISCUSSION 
 
In the study, the quality test values of sustainable fiber blended yarns are given in Table 2. Pilling 
test results are given in Table 3, air permeability results are given in Table 4, and moisture 
transmission test results are given in Table 5. 
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Table 2. Unevenness and Strength Test Results of 24/1 Sustainable Fiber /Cotton 15/85 and 24/1 Sustainable Fiber 
/Tencel 15/85 Yarns 

 

Quality Parameters 
24/1 Sustainable Fiber /Cotton 

%15/85 
24/1 Sustainable Fiber 

/Tencel %15/85 

Unevenness (%CVm) 24,71 21,39 
Thin places (-50%) 287 14 

Thick places (+50%) 2436 1822 
Neps (+200%) 3319 3047 

Strength RKm (kgf.Ne) 14,37 28,99 
Breaking elongation (%) 6,15 9,63 

B-Work (N.cm) 5,67 20,49 
 
As can be seen from the table, the unevenness value of the yarns produced on the ring line from 
the mixture of 24/1 Ne Cotton/ Sustainable fiber 85/15% and 24/1 Ne Tencel/ Sustainable fiber 
85/15% were measured as 24.71, 21.39% CV%, respectively. Its strength is 14.37, 28.99 Rkm, 
respectively; Elongation 6.15%, 9.63%; The B-Work value was measured as 5.67 N.cm, 20.49 
N.cm. 
 

Table 3. Pilling Test Results of 24/1 Sustainable Fiber/Cotton 15/85% and 24/1 Sustainable Fiber/Tencel 15/85% 
Fabrics 

 

Cycle 
24/1 Sustainable Fiber /Cotton 

%15/85 
24/1 Sustainable Fiber 

/Tencel %15/85 

125 5 5 
500 5 5 
1000 5 4 
2000 4 4 
3000 4 4 
4000 4 3 
5000 4 3 

 
As can be seen from the table, according to the pilling test results performed in the martindale 
device with the EN ISO 12945-2 standard, no hairiness or pilling was observed on the surface of 
the circular knitted fabric samples using a mixture of Cotton/Sustainable fiber 85/15% and 
Tencel/Sustainable fiber 85/15% up to 1000 cycles while light pilling continues up to 3000 cycles 
in Cotton/Sustainable fiber 85/15% fabric, this situation continues up to 2000 cycles in 
Tencel/Sustainable fiber 85/15% fabric, while slight hairiness and pilling were observed on the 
Cotton/Sustainable fiber 85/15% fabric surface up to 5000 cycles, moderate hairiness and pilling 
was observed in the Tencel/Sustainable fiber 85/15% fabric from 3000 cycles to 5000 cycles.   
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Table 4. Air Permeability Test Results of 24/1 Sustainable Fiber/Cotton 15/85% and 24/1 Sustainable Fiber/Tencel 
15/85% Fabrics 

 

Yarn Type 
24/1 Sustainable Fiber 

/Cotton %15/85 
24/1 Sustainable Fiber 

/Tencel %15/85 

Air Permeability Value (dm3) 767 2351 
 
According to the air permeability test results made according to the TS 391 EN ISO 9237 standard, 
it is seen that the Tencel / Sustainable fiber blended fabric has higher air permeability. 
 

Table 5. Moisture Transmission Test Results of 24/1 Sustainable Fiber/Cotton 15/85% and 24/1 Sustainable 
Fiber/Tencel 15/85% Fabrics 

 

Yarn Type 
24/1 Sustainable Fiber 

/Cotton %15/85 
24/1 Sustainable Fiber 

/Tencel %15/85 

OMMC 0,341 0,520 
 
According to the moisture transmission test results made according to the AATCC 195 standard, 
it is seen that the fabric of the sustainable fiber blended with regenerated cellulosic tencel fiber has 
a better moisture transmission value than the cotton blend. 
 
4. CONCLUSION 
 
In this study, when the unevenness values of sustainable yarns obtained by mixing the fiber 
obtained from stem, leaf and food waste with cotton and tencel fiber are examined, it is seen that 
the tencel blended yarn has better values than cotton yarn. This can be explained by the fact that 
tencel has a fiber length of 38 mm and is more uniform than cotton with a fiber length of 30 mm 
and a short fiber content. Considering the yarn strength results, it is seen that the strength of the 
tencel/sustainable fiber blended yarn is higher than the cotton/sustainable fiber blended yarn. This 
is due to the strength of tencel fiber being 40 cN/tex. However, when the B-Work values of these 
two yarns are examined, it is seen that it will not pose a problem for circular knitting machine 
performances. Among the knitted fabrics obtained from these yarns, it was observed that 
cotton/sustainable fiber blended fabric had better pilling performance and no pilling on the fabric 
surface. The reason why the piling of the sustainable fiber tencel blended fabric is higher than the 
sustainable fiber cotton blended fabric is that the pilling cannot be easily separated from the surface 
due to the high fiber strength of the tencel fiber. It was concluded that the fabric obtained from the 
mixture of tencel and sustainable fiber, which has a more breathable structure and good moisture 
absorption ability than cotton fiber, has a higher air permeability and moisture transmission value. 
It is predicted that by bringing the sustainable fiber used within the scope of the study into short 
fiber spinning, it will contribute to the prevention of climate changes that negatively affect the vital 
functions of all living things by reducing the carbon footprint. In this context, it is foreseen that 
the study will make significant contributions to the 3 titles of supporting the green transformation 
of the Green Deal Action Plan, which is prepared in terms of harmonization with the European 
Green Consensus (AYM); (1) border carbon regulations, (2) a green and circular economy and (7) 
combating climate change. At the same time, it is predicted that the study shared on this platform 
in order to contribute to the literature has a high potential to initiate new R&D activities. 
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ABSTRACT 
 
Hierarchically structured functional textiles made up of multi-walled carbon nanotube (MWCNT) forest decorated 
carbon fiber (CF) and glass fiber (GF) fabrics are obtained through a microwave (MW) energy-based approach, i.e. 
Poptube. Both the morphological and elemental properties of these samples are characterized in detail by using 
electron microscopy, and elemental analysis techniques. The as-obtained test results, and the versatile and easily 
controllable working principle of the Poptube approach strongly supports its promising success for the preparation of 
such functional textiles that could be effectively used as fibrous reinforcing agents for the manufacturing of fiber 
reinforced polymeric composite structures (FRPCSs). 
 
Key Words: carbon/glass fiber, carbon nanotube, conducting polymer, functional textile, microwave energy 
 
1. INTRODUCTION 
 
The excellent mechanical strength, thermal and electrical conductivity, light weight, and the 
processability of CF have made it a valuable building material for a wide range of advanced 
engineering systems, including aerospace ships, communication satellites, planes, hybrid vehicles, 
wind turbine blades, sports equipment, prosthetic limbs, and so forth [1]. Except for the thermal 
and electrical conductivity properties, GF has been also considered as a perfect alternative for CF 
in most of these applications. In many bulk composite materials that are made up of either 
thermoset/thermoplastic polymers or metals and concrete, CF and GF are often used as reinforcing 
components because of their fibrous nature [2, 3]. So far, research efforts in enhancing the 
reinforcing performance of both CFs and GFs are aimed at addressing phase separation issues, 
improving shear resistance, increasing strength, reducing weight, enhancing durability, achieving 
high performance, and enabling the use of C/GF reinforced composites in diverse engineering 
applications [4-7]. These efforts contribute to the development of advanced materials that offer a 
balance of strength, weight savings, and durability for various real-life applications. The growth 
of carbon nanotubes (CNTs) on the surface of C/GFs has indeed gained significant attention in 
recent years since this offers a promising solution to address the challenges and requirements in 
production of FRPCSs [8-10]. The as-grown CNTs on fibers enhance polymeric matrix material’s 
adhesion, increase both the overall surface area and the number of anchoring points, improve 
strength and durability of the composite and maintain its lightweight profile, and enable high-
performance engineering application possibilities [11-16]. As research in this area continues to 
advance, it is more likely to see the widespread adoption of CNT-decorated C/GF-reinforced 
composites in a variety of real-life engineering applications. CNTs’ extraordinary mechanical, 
thermal, and electrical properties are indeed making them exceptional candidates for use in a 
FRPCS that typically consist of reinforcing fibers or textiles, a polymeric matrix, and the interface 
constituents [17]. Thus, CNT reinforcement possesses promising potential to provide much 
stronger and tougher materials than other traditional reinforcing materials [2, 3, 18]. Moreover, 
such novel properties of CNTs provide functional advantages, including self-sensing ability, flame 
retardancy, long-term wear resistance, electrical and thermal conductivity, electromagnetic 
interference (EMI) shielding, and improved thermal stability, to the added structure [19]. Enhanced 
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transverse and shear resistance values are other positive outcomes of the as-produced CNT 
decorated C/GF hierarchical composites, due to the intense interfacial interactions that would exist 
between the as-grown CNTs and fibers [11-14]. Generally, the CNT growth on any engineering 
material can be achieved via either bottom-up method like CVD or top-down method like 
lithography [14-16, 20, 21]. Each method has its own set of advantages and limitations, and the 
choice depends on factors such as desired CNT properties, cost considerations, and application 
requirements. Although these methods can provide highly precise and uniform CNTs, they usually 
suffer from their complex production process and from their need of harsh process conditions, i.e. 
high vacuum/pressure, high temperature, and hazardous chemicals’ use. Additionally, these 
methods’ fabrication processes are not easily scalable and are, usually, very time consuming [14-
16, 20, 21]. Thus, the as-obtained CNT amounts can be limited, and this restricts the common uses 
of such methods for the applications at industrial level. To tackle these common obstacles and to 
realize a practical application for the CNT decorated C/GF reinforced composites’ preparation, in 
this study, a well-established MW energy-based fabrication approach, i.e. Poptube, through which 
forest-like MWCNT decoration on C/GFs’ surface can be rapidly grown, is proposed [22, 23]. It 
is important to note that the specific details and characteristics of this approach would depend on 
its proprietary or research-based methodology [18, 24]. This approach seems to leverage the 
above-mentioned properties of CNTs and the efficiency of MW energy-based growth to produce 
CNT decorated textiles in a quick and cost-effective manner. However, the application of CNTs 
into a FRPCS is hampered by three common problems about; (i) the non-homogeneous dispersion 
of such nanoscale additives within the structure, (ii) the inconsistency in the implementation of 
laboratory results up to industrial scale, and (iii) the failure in lowering the cost/benefit ratio [22-
24]. This study aims to address all these problems through Poptube approach. Unlike any other 
similar existing methods, such as chemical vapor deposition (CVD), Poptube approach utilizes 
MW energy as the heating source, a metallocene precursor chemical, e.g. ferrocene, as the carbon 
and metal catalyst source, and conducting polymer (CP), e.g. polypyrrole (PPy), coating as the 
effective MW energy absorption layer on the fibrous textile material surface [22-24]. However, it 
is noteworthy that the success of this approach would depend on the specific details of the process, 
including the choice of materials, the precise conditions used, and the desired outcome [18-24]. 
Furthermore, the field of CNT synthesis is continually evolving, and new methods and variations, 
i.e. Poptube, are developed regularly to address specific applications and their needs. With that, it 
becomes possible to grow forest-like CNT decoration on the fibrous textile substrates’ surface, 
such as CF and/or GF fabric, which would be used as a reinforcing agent in a FRPCS. Thus, the 
major objective of this study is to explore a novel MW energy-based nano-engineering technique, 
i.e. Poptube approach, which not only can be considered as one of the fastest methods to grow 
CNTs with high energy and cost efficiency, but also as a readily scalable approach for high-volume 
industrial manufacturing of FRPCSs that have been extensively implemented in various high-tech 
industries. 
 
2. EXPERIMENTAL 
 
2.1 Materials 
 
Plain weave CF and GF fabric, acetone (JT Baker), toluene (JT Baker), pyrrole, ammonium peroxy 
disulfate (APS), hydrochloric acid (HCl) and ferrocene (AlfaAesar) were all used as purchased 
without further purification, unless otherwise specified. 
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2.2 MW Pretreatment and Preparation of CF Fabric Samples 
 
Prior to application of Poptube approach, several 1"×1" prepreg CF fabric samples are 
continuously heated in a conventional kitchen MW oven (Panasonic Inverter) at full power (1250 
W) for 60 s to; (i) remove the protective thin sizing layer, and (ii) to reveal as much reactive sites 
as possible on CFs’ surface for the following process steps (Figure 1). 
 

 
Figure 1. Scanning electron microscopy (SEM) images of CFs; A. before and B. after MW pre-treatment 

 
2.3 CP Coating and Preparation of GF Fabric Samples 
 
Since GF fabric is insulating, first, thin CP layer coating is applied on the sample surface through 
the in-situ polymerization reaction of PPy. Here, 1"×1" GF fabric sample is taped inside the 
beaker’s wall and then it is filled with 50 mL of 1 M aq. HCl. Next, 1 mL of pyrrole monomer is 
gently added into the beaker under magnetic stirring to obtain its homogenous dispersion and better 
interaction with GF fabric sample. After 10 min. magnetic stirring at ambient conditions 1.15 g of 
APS is eventually added into the beaker, as the oxidative agent, to initiate the polymerization 
reaction. Meanwhile, a rapid color change is observed into the beaker from cloudy to black 
indicating the conversion of pyrrole monomers into PPy. After 4 h of polymerization reaction the 
dark slurry in the beaker is filtered, and then washed and rinsed with copious HCl and acetone, 
respectively together with the as-coated GF fabric sample. 
 
2.4 Preparation of MW-treated CF and PPy/GF Fabric Samples for Poptube Approach 
 
Here, initially, 0.2 M ferrocene solution is prepared by dissolving 0.11 moles of ferrocene in 550 
mL of toluene, for the homogenous deposition of the carbon and catalyst source precursor chemical 
on both the as-treated CF, and PPy/GF fabric samples. After that, all the samples are individually 
submerged into this solution for 10 min. under continuous gentle shaking. Eventually, the fabric 
samples were drip dried on a Nylon string before the application of Poptube approach (Figures 2 
and 3). 
 

 
Figure 2. A. Schematic representation of the preparation and MW energy-based Poptube approach application on 

CF fabric samples, B. SEM image of a single CF covered by the as-grown CNTs on its surface 
 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

285 
 

 
Figure 3. Schematic representation of the preparation and MW energy-based Poptube approach application on GF 

fabric samples 
 
2.5 Application of MW Energy-based Poptube Approach on Fabric Samples 
 
The as-prepared C/GF fabric sample is tightened vertically between a pair of glass rods on a 
handmade PVC stand, and then it is placed on the glass MW tray. Here, the evenly deposited thin 
ferrocene layer can be clearly observed on the fabrics with an orange tint. The glass tray is then 
placed into the MW oven chamber. The fabric on the PVC stand is irradiated at the maximum 
power level, while intensive reactions are observed inside, as indicated by sparking, flames, and 
dense chemical vapor emission. After 30 s MW energy exposure, the fabric sample with the as-
grown CNT decoration on its surface is taken out, and then gently rinsed with acetone to remove 
any impurities and unreacted chemicals (Figures 4 and 5). 
 

 
Figure 4. Digital images of a CF fabric sample; A. before, and B. after the MW energy-based Poptube approach 

application 
 

 
Figure 5. SEM image of the GFs decorated by the as-grown CNTs (Insets: (top) zoomed-in view of the as-grown 
CNTs, (bottom) digital image of 1"×1" PPy/GF fabric after the MW energy-based Poptube approach application) 

 
During the application of Poptube approach, firstly, either the CP surface coating on the GF fabric 
or the CF fabric itself effectively absorbs the MW energy, gets quickly carbonized, and 
simultaneously produces tremendous amount of heat. The temperature on the fabric surface then 
rapidly raises high enough to decompose ferrocene to into its iron (Fe) and cyclopentadienyl 
fragments. Here, Fe serves as the catalyst while the cyclopentadienyl groups provide the required 
carbon to accomplish the bottom-up CNT growth [18-24]. Schematic representations of the above-
mentioned process is shown in both Figures 2 and 3. 
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2.6 Characterization of the As-prepared Functional Textiles 
 
Morphological and elemental analyses of the as-prepared functional textiles are conducted by 
using a JEOL JSM-7000F SEM equipped with an energy dispersive X-ray (EDX) detector. An 
EMS 550X auto sputter coating device is also utilized for surface Au sputter coating of the fabric 
samples, which were readily fixed on carbon tape mounted sample holders, prior to their analysis. 
The in-depth morphological property analysis of the as-prepared composites is performed on a 
JEOL 2100F transmission electron microscope (TEM), operated at 200 kV. Here, CF strands from 
the as-treated fabric sample were carefully removed and dispersed in ethyl alcohol by 
ultrasonication for 10 min. to separate the as-grown CNTs from the CFs. Next, droplets (~5 μL) 
from the supernatant surface are sucked with a pipette, and then transferred onto a carbon coated 
copper Formvar grid and left to dry at ambient conditions before TEM imaging. 
 
3. RESULTS AND DISCUSSION 
 
Upon the application of Poptube approach, forest-like CNTs are grown on both the PPy/GF and 
CF fabric surfaces, and covered majority of the fiber surfaces with a radially aligned and entangled 
assembly look, as can be seen from the images shown in Figures 5 and 6. 
 

 
Figure 6. SEM images of; A.-B. hierarchically structured CNT/CF fabric samples, C. CFs covered by the as-grown 

CNTs on their surfaces, D. zoomed-in view of the as-grown CNTs 
 
The as-grown CNTs’ coverage on both fabric surfaces is high, as the growth can be observed to 
span along the full fiber axis length. Here, both long-winding and short-rigid CNTs are grown on 
the fabrics, indicating the heterogeneous nature of the catalytic growth process induced by MW 
energy [11-16, 18-24]. Based on the measurements taken from these images the average diameter 
of these CNTs is ~50 nm while their length can extend up to couple of μm. The high aspect ratio 
of these CNTs thus provide an ultra-high surface area, which enables enhanced interfacial 
interactions and multi-scale functions in the FRPCS, through the formation of new interfaces [11-
16]. In good agreement with the previous literature data, bottom up tip-growth mechanism is also 
effective on the as-grown CNTs [18-24]. This phenomenon is also supported by the characteristic 
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matchstick-like morphology, which is composed of hollow and multi-walled stem with oxidized 
Fe nanoparticle (NP) tip, of these CNTs (Figure 6D), as well. 
After proving the Poptube approach’s success on generating CNT/C-GF hierarchical structures via 
SEM imaging, the in-depth morphological and elemental features of such CNTs are further 
characterized by using TEM microscopy and EDX analysis. Collected results from these analyses 
are shown in Figure 7. 
 

 
Figure 7. A. TEM image of the catalyst Fe NPs encapsulated within the as-grown CNTs, B. EDX diffractogram of 
the catalyst Fe NP and the as-grown MWCNT, C. HR-TEM image of the marked area in Figure 7A, and D. EDX 

diffractogram of the marked area in Figure 7C 
 
The TEM image in Figure 7A provides more detailed information about the as-grown CNTs by 
showing their hollow stems that encapsulate catalyst Fe NPs. This morphological structure is 
obtained during the above-mentioned tip-growth process. As it also can be seen from the HR-TEM 
image in Figure 7C, a single ~25 nm×5 nm catalyst Fe NP is encapsulated within the as-grown 
MWCNT’s walls that is composed of ultrathin graphene layers [18-24]. The EDX analysis results 
of both the as-grown MWCNTs and the encapsulated catalyst iron NPs are shown in Figures 7B 
and 7D, respectively. These diffractograms clearly proves the presence of both the as-grown 
MWCNTs and Fe NPs (made up of C and Fe elements) within them. Additionally, two sharp peaks 
with Cu indicators in these diffractograms are caused by the Cu grid used for the TEM imaging 
process as the sample holder. 
 
4. CONCLUSION 
 
Hierarchically structured functional textiles with vertically aligned nano/micro interface are 
prepared within very short time frames by applying MW energy-based Poptube approach. 
Homogenously grown, forest-like CNTs are obtained on both CF and PPy/GF fabric surface with 
high yield, high aspect ratio, and high coverage density. The as-produced functional textiles offer 
promising potential for FRPCSs preparation. The as-proposed highly efficient and cost-effective 
Poptube approach is also envisioned to secure the industrial scale production of such composites 
with high quality, as well. 
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ABSTRACT 
 
Numerous research articles refer to the use of PTFE material in triboelectric generators, but they lack the rich aesthetic 
and mechanical properties of a pure textile structure. Hereby a PTFE filament was used to knit a fabric sample. This 
was repeatedly brought in contact, sliding and separation with a knitted cotton or modal fabric sample, providing a 
Vpp from 98 to 188 mV. A comparison was also made with a PTFE coated glass fabric which reached 284 mV. This 
work aims to emphasize that textile technology can overpass its traditional applications and contribute to other 
technological areas such as sustainable energy. 
 
Key Words: Textile, knitting, PTFE, triboelectricity, triboelectric generator 
 
1. INTRODUCTION 
 
One of the most interesting and unexplored physical phenomena which are met in the physical 
environment is that of triboelectricity. This describes the electrical energy that is produced when 
two material surfaces are brought in contact and separated. Most people might remember it from 
their childhood when rubbing a balloon on their head and then sticking it on the wall. However, 
triboelectricity today has been more than a game for many academic research teams worldwide. 
Over the last decade, big efforts have been applied to exploit it and produce sustainable electric 
energy through structures which are called triboelectric generators (TEGs) [1].  
 
The suitable choice of the participating materials is very important in the direction of achieving 
the best electrical outputs of a TEG. One of the most popular materials met very often in studies 
and reports is Polytetrafluoroethylene (PTFE). A look at the various triboelectric series tables 
which classify materials according to their tendency to become positively or negatively charged 
after a contact, can quickly show that PTFE is always positioned at the very end of the tables, 
considered mainly the most negative one [2]. Considering that the higher the charge tendencies the 
more intense the phenomenon and the more efficient the TEGs, it becomes easily understood that 
PTFE is a big player in TEGs. 
 
Apart from its outstanding triboelectric properties, PTFE has also a set of excellent physical 
properties which can cover the demanding conditions of clothing. It is characterized by flexibility, 
excellent chemical resistance, easiness to clean its surface and satisfactory dimensional stability. 
Moreover, it has resistance to ultraviolet radiation (UV) and high temperatures, while it is also 
non-toxic under regular ambient conditions of clothing usage. 
 
This paper presents the first steps which have been taken in an attempt to combine PTFE material 
and textile design. Until today, PTFE has been used in textile-based TEGs in the form of a film 
[3], [4] or coating [5], [6], on either flexible or solid surfaces, using various methods. Hereby, 
thanks to the big opportunities of the textile technology, PTFE is used to build a knitted fabric 
which is after added in a testing TEG device to get examined. 
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2. EXPERIMENTAL 
 
2.1 Materials 
 
Three samples were produced for the experimental part. These include the under-examined PTFE 
textile sample and two regular textile samples: one made of cotton fibres (natural cellulosic 
material) and one made of modal fibres (regenerated cellulosic material). It must be mentioned 
that cotton and modal have light tendency to become positively charged under the triboelectric 
phenomenon, while the PTFE material has a very intense tendency to become negatively charged. 
This is a reason for using often in the construction of TEGs the combination of cotton fabrics with 
PTFE [7]. 
 
Thus a cotton and a modal yarn were produced, with a yarn English count of 20 Ne (30 Tex) and 
an English twist factor ae = 3.8 (metric twist factor am = 115). Each yarn was knitted at Ege 
University by applying a single jersey knitting pattern. Their course and wale densities were 8.0 
/cm and 8.0 /cm respectively. A detailed view of the front and back sides of the cotton sample’s 
pattern is presented in Figure 10 and Figure 11. 
 
Additionally, a PTFE filament (1250D) was supplied by Marmara Boyahanesi company and used 
in a hand-knitting machine at Ege University. The Milano-rib pattern was set and used for the 
production of a 5 x 5 cm knitted sample. Its course and wale densities were 3.6 /cm and 4.8 /cm 
respectively. A detailed view of the loops of the front and back sides of the PTFE knitted structure 
is presented in Figure 12 and Figure 13. 
 

  
Figure 10. The front side of the cotton sample. Figure 11. The front side of the cotton sample 

 

  
Figure 12. The front side of the knitted PTFE fabric. Figure 13. The back side of the knitted PTFE fabric. 

 
Finally, a PTFE coated glass fabric was bought from Fiberflon, in order to collate it with the knitted 
PTFE fabric. This is composed of woven glass fibers coated with PTFE as can be seen in Figure 
14 and Figure 15. 
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Figure 14. The front side of the PTFE coated glass 

fabric. 
Figure 15. The back side of the PTFE coated glass 

fabric. 
 
2.1 Method 
 
After its production, a specimen (5 x 5 cm) from the knitted PTFE fabric sample was positioned 
on a prototype TEG measuring device which has been designed and built at the University of West 
Attica (Figure 16). This device has been presented in previous studies and it can repeatedly bring 
in contact and rub the two under testing triboelectric surfaces [8]. The testing conditions are such 
that the TEG measuring device can simulate a motion as if the two triboelectric surfaces were 
positioned on a garment (e.g. on the inner side of the sleeve and aside from the body while walking) 
as previewed in Figure 17. 

  
Figure 16. Sketch of the prototype TEG measuring 

device which was used for the measurements. It 
simulates the motion as if the two triboelectric 

surfaces were positioned on a garment [9]. 

Figure 17. Sketch of the contact, friction and 
separation motion executed by two triboelectric 

surfaces on the inner side of the sleeve (black strip) 
and aside from the body (grey clothing) while 

walking [9]. 
 
Additionally, one specimen (5 x 5 cm) was cut from the cotton sample and was also positioned on 
the TEG measuring device. In the continue, 500 repeats of contact, sliding and separation were 
applied under a load of 50 grf. The coming electrical outcome due to the phenomenon of 
triboelectricity was detected using an oscilloscope which was connected to the two samples using 
two appropriate electrodes to collect the electrical charge. The peak-to-peak open circuit voltage 
(Vpp) was measured on the connected oscilloscope. This procedure was repeated for each of the 10 
specimens which were cut from the cotton and modal samples respectively. After the completion 
of the previous measuring procedures, the knitted PTFE fabric was replaced by a PTFE-coated 
glass fabric. Thus a PTFE material of a different form was examined as before and compared to 
the initial knitted PTFE fabric.  
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3. RESULTS AND DISCUSSION 
 
Unlike using PTFE in the form of a film or coating, hereby PTFE in textile form was proposed. 
The use of a PTFE filament to knit the fabric provided by definition significant textile advantages 
like flexibility, elasticity and breathability thanks to the presence of the knitting loops, tailorability 
as it can be cut or knitted in a desired size, and most importantly the textile appearance which 
covers the need for better aesthetic than that of a film. Thanks to the uncountable knitting pattern 
choices the PTFE knitted fabric may obtain a desired attractive design. Thus the produced PTFE 
knitted fabric achieved a relatively nicer look, making it suitable to embed it directly on clothing, 
while at the same time it combines PTFE’s robust characteristics in resistance to wear and tear. 
 
After the cotton and knitted PTFE fabrics executed the required contacts, slidings and separations, 
the resulting Vpp was measured in the range of 124 mV and 188 mV. For the pair of modal and the 
knitted PTFE fabrics, the resulting Vpp was in the range of 98 mV to 186 mV. The distributions of 
the Vpp measurements are graphically presented in Figure 18. 
 
To compare the efficiency of the knitted PTFE fabric with another form of PTFE, the sample of 
PTFE-coated glass fabric was paired with the modal and cotton samples respectively, and the 
measuring procedure was repeated. When using the knitted cotton fabric with the PTFE-coated 
glass fabric instead, the resulting Vpp ranged from 166 mV to 240 mV, while in the case of the 
knitted modal fabric and the PTFE-coated glass fabric, the resulting Vpp was in the range of 192 
mV to 284 mV (Figure 18). 
 
 

 
 

Figure 18. Distribution of the open circuit Vpp final values for each pair of the tested specimens after 500 repeats 
of contact, sliding and separation (weight load 20 grf, 23±1 oC, RH 40±2%). 

 
By processing the measurements in the form of box plots to display their quartiles, it can be seen 
that the median values a significant difference between the values of PTFE-coated glass fabric and 
the knitted PTFE fabric when they are paired with cotton (Figure 19). The same applies to the 
modal sample. 
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Figure 19. Median and quartile values of the open circuit Vpp final values for each pair of the tested specimens 
after 500 repeats of contact, sliding and separation (weight load 20 grf, 23±1 oC, RH 40±2%). 

 
As it can comes from the results, the PTFE knitted fabric provided lower Vpp values in comparison 
with the PTFE coated glass fabric. This is most probably due to the low knitting density of the 
PTFE knitted fabric, which means a lower surface to participate in contact and rubbing than that 
one of the PTFE-coated glass fabric. 
 
However, the lower values of the PTFE knitted fabric are significant amounts of voltage taking 
into account the small participating fabric area (25 cm2) and the considerably low load which was 
applied between the two surfaces (50 grf). At this point it is very important to mention that the 
cotton and modal samples have not undergone any chemical treatment, so the electrical outcomes 
concern their raw condition. Apart from the knitting density, the voltage values may improve by 
increasing the TEG’s participating surface areas [10]. This demand can be easily achieved as 
garments, trousers and other clothing provide adequately available areas to position greater TEG 
surfaces, which will be brought in contact and rubbed upon walking, running etc. 
 
4. CONCLUSIONS 
 
Numerous research articles refer to the use of PTFE material in TEGs thanks to its excellent 
triboelectric potentials. However, these are mostly limited to the use of PTFE as a film or a coating. 
Thus the excellent properties of PTFE material in the resistance to wear and tear make urge to 
examine its triboelectric behavior in a textile structure. This study exploits textile technology to 
build a knitted fabric made of PTFE filament. This sample is paired with each of two regular 
cellulosic textile samples, and examined as if it was a TEG embedded on the arm side of a garment. 
To achieve this, a prototype measuring TEG was used to simulate the arm’s motion under a load 
of 50grf. The results of the proposed scheme depict significant electrical outcomes considering the 
small size of the samples (25 cm2). The cotton and modal knitted fabrics reached a maximum Vpp 
of 188 mV and 186 mV respectively with the knitted PTFE fabric. Additionally, the cotton and 
modal knitted fabrics reached a maximum Vpp of 240 mV and 284 mV respectively when paired 
with a PTFE-coated glass fabric. The results show that the use of a knitted PTFE filament can 
provide both the option of an aesthetic knitted fabric and a considerable electric outcome thanks 
to triboelectricity. It must be noticed that the hereby used PTFE knitted fabric provided lower Vpp 
values than the PTFE-coated glass fabric, which is most possibly due to its lower participating 
surface area, while only one knitting pattern was examined keeping constant the course and wale 
densities. The application of more research in the direction of finding more optimal knitting 
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patterns and structures is consequential to exploit the advantages which a PTFE knitted fabric can 
provide, achieving both efficiency and aesthetics in wearable TEGs. This work is summarized in 
the overall conclusion that textile technology must not stay limited to traditional applications but 
give significant solutions and contribute to other technological areas such as sustainable energy. 
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ABSTRACT 
 
Graphene is well known with its light-weight and excellent thermal and electrical conducting properties. It has 
potential in using clothing industry for not only advanced technical properties but also comfort-related wearing 
properties due to thermal characteristics. This study investigates various thermal properties of graphene enriched 
denim fabric. The results pointed to thermoregulation performance of graphene like a phase change material.   
 
Keywords: Graphene, denim, thermal diffusivity 
 
1. INTRODUCTION 
 
The use of graphene in textile surfaces resulted with advanced properties like enhanced electrical 
resistivity [1], hydrophobicity [2], thermal conductivity [3] and UV protection [4] which enabled 
to produce wearable e-textiles [5], adaptive optical textiles [6], textile-based temperature and 
pressure sensors [7,8]. Also, there are various studies on graphene utilization in clothing design 
for protective clothing, intelligent medical garments and adaptive clothing through IR emissivity. 
Thus, it is possible to produce graphene enriched garments that regulate the body temperature. 
 
Denim, generally cotton woven fabric, is one of the most popular fabric type for clothing and has 
large global market share. Since it is known for advanced weight, abrasion resistance and tensile 
properties there are many studies in denim to add functionality and increased mechanical / thermal 
properties by utilizing chemicals and different fiber types [9-11].  This study investigates the 
thermoregulation performance of denim fabrics and to run objective measurements pointing it. For 
this purpose, commercially available graphene / PET blend yarns were used as weft in denim fabric 
(graphene denim) and thermal performance assessments comparing with conventional %100 
cotton denim fabric (conventional denim) were completed by an in-house method based on thermal 
camera imaging along with objective thermal diffusivity, thermal absorptivity and maximum heat 
flux measurements. Graphene denim sample was found to have lower thermal capacity which is 
correlated with better thermo-response or thermoregulation.   
 
2. MATERIAL AND METHOD   
 
Denim fabric sample was produced with Ne 14/1 cotton yarn as warp and 150/40 Denier polyester 
/ graphene yarn as weft in 26 x 24 sett and 6.20 onz weight construction (graphene denim). The 
identical sample with %100 cotton (conventional denim) was also produced to use in comparison. 
The samples were subjected to rinsing before testing.  
 
For the analysis, an in-house thermal camera imaging was applied to observe heat dissipation and 
calculate so-called “dissipation delta value. The testing is based on thermal camera monitoring of 
denim sample which placed at 4 cm distance with a heat source and after 1 minute of irradiation 
and repeating the procedure after 1 minute of cooling down by the removal of the heat source. Also 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

297 
 

thermal diffusivity, thermal absorptivity and maximum heat flux measurements were completed 
by the Alambeta Sensora device in accordance with device standard.  
 
3. RESULTS AND DISCUSSIONS 
 
Figure 1 shows thermal camera imaging of graphene denim and conventional denim samples. The 
hottest point after the irradiation phase for graphene denim was 45.60C and 41.80C for conventional 
sample. The same was recorded after cooling down. Thus, thermal dissipation from hot to cold 
was 20.60C (45,60C - 250C) for graphene denim and 17,90C (41,80C – 23.90C) for conventional 
denim sample.  
 

 
(a) 

 
(b) 

 
Figure 1. Thermal camera imaging of a) grapheme denim b) conventional denim sample  

 
Dissipation delta value was calculated through the thermal dissipation values of the samples as in 
Eq. 1: 
 

Dissipation Delta % = 
(ସହ,-ଶହ)

(ସଵ.଼-ଶଷ,ଽ)
                                                                              (1) 

 
The dissipation delta difference in % was 1, 
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15 which points to increase of 15% on behalf of graphene denim.  
 
Table 1 shows the results of the Alambeta measurements. The results are the average of five 
measurements. The results in Table 1 showed that graphene denim exhibited higher maximum heat 
flux as expected due to increased thermal conductivity, however it gave lower thermal absorptivity 
and increased thermal diffusivity. This finding agrees with some earlier studies on graphene [12] 
and calculated dissipation delta value.  
 

Table 1. Thermal measurements of the samples 
 

Sample Thermal 
diffusivity 

(m2/s) 

Thermal 
absorptivity 
(W/m2s1/2K) 

Maximum 
heat flux 
(W/m2) 

Conventional 
denim 

0,104 157,2 0,435 

Graphene denim 0,191 122,8 0,565 
 
4. CONCLUSIONS 
  
The study is a comparison of thermal characteristics of graphene enriched denim and conventional 
denim samples. The results showed that graphene denim exhibited increased thermal diffusivity 
and heat flux which points reduced thermal capacity. The findings also revealed increased heat 
dissipation performance which corresponds better thermoregulation property.      
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ABSTRACT 

The analysis of the specific needs of the deaf community shows that during the motion of the hands, sign language 
speaking people require significantly more freedom in their clothing compared to hearing people. Therefore, our topic 
relates to the development an adaptive clothing with high wearing comfort for sign language speaking people based 
on the latest technical solutions in the field of clothing design. Typical sign language gestures were scanned with a 
high-performance MOVE4D scanner and the obtained data was automatically processed to investigate changes in the 
sizes of body parts during motion. The resulting dynamic measurements were used to create an ergonomic pattern 
construction, which was evaluated using virtual modeling. Moreover, based on the newest developed methodology, 
the impact of style and material parameters on the garment pressure was investigated. After analysis, the optimization 
of an pattern construction was carried out in the selected garment piece. 

 
Key Words: 3D simulation, ergonomic, virtual fit, sign language 

 

1. INTRODUCTION 
 
Hearing loss is the fourth highest cause of disability globally. According to the World Health 
Organisation (WHO) over 5% of the world’s population – or 430 million people – require 
rehabilitation to address their ‘disabling’ hearing loss (432 million adults and 34 million children). 
It is estimated that by 2050 over 700 million people – or one in every ten people – will have 
disabling hearing loss [1]. ‘Disabling’ hearing loss refers to hearing loss greater than 35 decibels 
(dB) in the better hearing ear. The following types of disease are defined:  
 
1) Hearing loss - a person who is not able to hear as well as someone with normal hearing – hearing 
thresholds of 20 dB or better in both ears; 
2) 'Hard of hearing' refers to people with hearing loss ranging from mild to severe; 
3) 'Deaf' people mostly have profound hearing loss, which implies very little or no hearing. They 
often use sign language for communication [2]. 
We will focus on the last group, as due to the lack of “hearing-speech” communication, this group 
requires the greatest efforts in terms of social adaptation or rehabilitation.  

The word Deaf with a capital D is used to refer to a group of people with similar medical 
conditions, which are hearing loss or deafness. Deaf people tend to communicate in sign language 
as their first language [3]. Signed languages (also known as sign languages) are languages that use 
the visual-gestural modality to convey meaning through manual articulations in combination with 
non-manual elements like the face and body. Similar to spoken languages, signed languages are 
natural languages governed by a set of linguistic rules [4]. One of the challenging aspects regarding 
the translation of signed languages compared to spoken languages is that while spoken languages 
usually have agreed-upon written forms, signed languages do not. Current data from the World 
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Federation of the Deaf suggest, there are more than 70 million deaf people worldwide. Totally, 
they use more than 300 different sign languages. 

According to these trends, it is obvious why the deaf community is winning more and more 
attention in modern society. A significant number of scientists are working in various research 
fields on problems related to the social adaptation of Deafs. Millions of dollars are invested in 
research related to disease prevention and the development of tools for psychological and social 
adaptation. At the same time, the apparel industry is lowly involved in this trend. The main reason 
is the widely held belief, that hearing loss people have no special requirements in clothing, as they 
do not physiologically differ from hearing people. But there is another reason still presented in our 
daily lives is social discrimination against deaf people, also known as audism. Audism understands 
the world from the perspective of a hearing person, and how they face the situations and 
environments around them. Being a hearing person became a synonym of being normal. This 
pattern we have in society today, results in many people with hearing disabilities being denied of 
perceiving and affirming themselves as part of the deaf community. This sociocultural construct 
creates a very hard environment of exclusion, rejection and invisibility for deaf people [5]. 
However, both statements caused by external and internal impacts are false or only partially 
correct.  

In the first case, it was not taken into account that the preferred method of communication for such 
people is sign language. Active manual articulation involves stress on the hands, which is 
significantly increased by the use of uncomfortable clothing. This is especially true for sign 
language interpreters. Interpreters from/to sign language play an important role to allow hearing, 
deaf, and hard of hearing people equal access to information and interactions. However, the 
complexities of the task, the types of visual interpreting, and the enormous range of qualifications 
brought by the interpreter make it anything but simple. Since the duration of one simultaneous 
interpretation cycle is up to 4 hours, clothing comfort is of particular importance for this group [6]. 

As for the tendency to conceal their affiliation with the deaf community, with changing the social 
acceptance vector towards inclusion it becomes irrelevant. Deaf organizations, associations, clubs, 
schools, events, and much more promote social interaction for deaf people. It may play an integral 
role in boosting one’s confidence with interactions that they may have found hard before, or rather 
find themselves overcoming obstacles that impede them on their path to be treated with equity.  

The fashion product for deaf people are coming up as response to these trends. Some brands offer 
customisation of clothing for hearing impaired people through colour design or printed information 
images [7-9]. Another trend is the use of built-in electronic elements that can reinforce sound or 
simulate acoustic recording [10-11]. At the same time, any research on improving the wear comfort 
of garments for sign language speaking persons was not found in the available sources. 

Since the use of sign language to communicate is the major functional environment for such 
people, clothing products in this category must be developed with the optimal ergonomic solution. 
While also keeping in mind that the product must allow the wearer to perform repetitive 
movements of relatively constant amplitude for a certain time without any stress to provide the 
wearer with a necessary comfort. For this reason, clothing for the Deafs should be defined as 
functional clothing and an ergonomic approach should be used for its design that accounts the 
peculiarities of the functional environment formed by communication in sign language. 
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Ergonomic considerations dictate that the mechanical characteristics of clothing match the motion, 
degree of freedom, range of motion and force, and moment of human joints. The working postures, 
materials handling, movements, workplace layout, safety and health considerations should be 
given due consideration while developing the style, cut and features of a functional garment [12]. 
For products belonging to the functional clothing, these factors are ensured by design (using 
optimal amounts of constructive additions according to the dynamic effects of the dimensions of 
the body), constructive elements (vents or folds), and by combining materials with different 
mechanical properties appropriate to the final purpose of the product. 

Since the technological evolution from 3D to 4D scanning systems enabled scanning in motion, 
significant advances in the development of functional clothing have occurred. In this case, more 
attention is paid to determining the typical positions for a particular field of functional activity, on 
which basis kinematic models for further virtual clothing design are developed. The popularization 
of such new technologies is an important factor in helping speed up the development chain and 
save resources within the clothing industry [13]. Therefore, our topic relates to improving the 
ergonomics of a formal jacket for sign language speakers by integrating data on human body 
dynamics obtained through 4D scanning for further use in clothing design.  

Clothing design and fitting have been moving into the 2D and 3D virtual space for a long time.  
Currently, in the apparel industry, 2D CAD is being used for designing made-to-measure (MTM) 
patterns, while 3D CAD programs are available to meet the requirements of virtual prototyping. 
This technology includes V stitcher™ by Browzwear (Browzwear® Solutions Pte. Ltd, Singapore; 
3D Runway from OptiTex, Ltd, Israel; AccuMark 3D from Gerber Technology, Tolland, USA; 
TUKA3D (Tukatech Inc., USA); Modaris 3D Fit from Lectra Modaris, France; and Vidya from 
Assyst, Germany. More recently, two other solutions were added with similar capabilities, namely, 
CLO 3D (CLO Virtual Fashion LLC, Korea), and Marvelous Designer (CLO Virtual Fashion Inc.) 
[14]. Some 3D software programs, like Lectra Modaris, offer for example the option to fit the 
garment on an avatar in a static position, with the sole option to lower the arms for a more “relaxed” 
pose. Others like Clo3D and Browzwear offer the option to add animations to your avatar in 
simulation mode. The last option is commonly used to improve the ergonomics of the garment. 
Using this software can not only greatly reduce the duration of the design process, but also save 
the cost and time of production, making it a very convenient and practical clothing design software. 
At the same time, a certain evaluation of the designed virtual clothing can be also made through 
this software [15].  

The availability of fit analysis tools and the ability to animate the developed designs ensures that 
Clo3D is widely used in scientific research related to ergonomic clothing design. So, in the paper 
[16], the authors propose an ergonomic and personalised approach for designing the patterns for a 
men’s jacket model with a fitted silhouette (business casual outfit) using digital tools while 
integrating data regarding the dynamics of the human body to improve functionality and comfort. 
They use Clo3D to analyse the balance and fit of the product on the avatar in static and dynamic 
positions to determine how well the product fit on the different parts of the body, whether the 
constructive, stylistic details of the model were preserved, and whether there were areas of the 
product with possible constructive defects. The aim of the study [17] was to improve garment 
pattern design for cycling sports from the aspect of clothing pressure to provide support and 
enhance comfort to the user. This paper investigated the suitability of pressure maps from 3D 
fashion design software CLO 3D for design. Moreover, the impact of the mechanical properties of 
fabric was analyzed. In particular, the virtual prototyping tool CLO 3D and pressure mapping were 
employed to achieve the required compression while ensuring fit and comfort in static and dynamic 
cycling positions. The impact of fabric types on garment fit has been shown by generating the 
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stress, strain, and pressure maps with a virtual simulation. The output was found to be sufficiently 
accurate to optimize the garments based on material and cycling posture. 

Although research and development of virtual fitting systems have attracted a large number of 
researchers, the key technologies for virtual fit evaluation are still immature, and some problems 
have not been well solved. Eg. there is no clear protocol for garment fit testing of the 3D simulation 
programs. However, they offer a comprehensive set of tools for checking the digital fit. These tools 
allow us to analyse the structural changes of the textile through the material parameters and impact 
of the avatar. So far, the evaluation of clothing fit and its characteristics is performed visually [16, 
17]. Quantitative assessment is only possible at certain predetermined points and not over the entire 
surface of the product [18-20].  Both ways do not provide the necessary accuracy and 
reproducibility of research and do not allow the use of these data for analysis and prognosis.   

With these aspects in mind, this study aims to improve the ergonomics of a formal jacket for people 
who use sign language in everyday life by matching the motion with mechanical characteristics of 
clothing and by using a new approach to clothing fit assessment in virtual simulation systems. 

 

2. MATERIAL AND METHOD 

2.1 Material 

Since the objectives of this work involve the creation of formal clothing for people who use sign 
language, including sign language interpreters, we have chosen linen outerwear fabric. Virtual 
fabric prototypes from the Clo3D database were used to simulate the designed product. However, 
the real values of the mechanical properties of fabric determined by common testing instruments 
cannot be uploaded to the library of CLO 3D simulation software directly. The software provides 
relative values of the mechanical properties of fabric automatically for the fabric chosen. The 
selected materials are characterised by the following properties: 
Construction Woven 
Composition 55 Linen, 45 Cotton 
Weight 186 g/m2 
Thickness 0,4 mm 
Stretch5 weft 58 

warp 59 
Bending1 weft 47 

warp 53 
 
2.2 Method 

Study of the typical movements of sign language 
Since the main objective of our research was to develop an ergonomic construction, it was 
important to study the product's behavior on the body shape during movement. In this case, the 
movements should correspond to the typical ones for the investigated functional environment. 

In order to analyze typical motions and develop their virtual prototypes, modern high-speed 4D-
scanning technology is used. The scanning is performed with the MOVE4D scanner, installed in 

                                            
5 The fabric's tensile properties don’t follow existing standards. They were obtained through a testing instrument composed as part of 
the software for creating a digital fabric library in CLO 3D software. The units of measurement are virtual units, v.u.). To refer to the 
fabric elasticity, the term “stretch” will be used in further discussion, according to the CLO 3D manual. 
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the scan lab of the Chair of development and assembly of textile products, ITM, TU Dresden, 
Germany. The scanner consists of 12 scanning modules, which are able to record motion with a 
special resolution up to 1 mm and up to 180 frames per second.  

MOVE4D software generates automatically homologous meshes during the processing of scanned 
data. All approximate 50k vertices are moving with the body between the frames while remaining 
associated with the same body parts. It means that these vertices can be considered as landmarks 
and can be used for analysis of the motion. This special feature is used in the current work.  

After the scanning and data processing, a large list of files with the body geometry, associated 
textures and light data are available. To simplify the data processing, at the Institute of Textile 
Machinery and High-Performance Material the TU Dresden was developed a Matlab workflow to 
automatically estimate the distances between selected points within each frame based on the mesh 
vertex IDS data.  Using this program, we calculated the changes in the distances of the body surface 
measurements during selected typical movements. 

Development of the basic pattern construction 
The basic pattern construction of a women's jacket for a typical female figure was designed in  
Graphis CAD.  Graphis CAD is a reputed system for parametric garment design. The pattern 
construction can be created in two ways: using integrated interactive modules or by computational 
and graphical generating. The construction is based on a flexible system of measurements, and the 
design process is recorded in the form of an algorithm. An additional advantage is automatic 
grading. These capabilities of Graphis CAD allow you to quickly adapt finished constructions to 
new requirements while ensuring high fit quality. 

Virtual simulation of the product and fit quality assessment 
The developed basic pattern construction was imported into the virtual simulation program Clo3D. 
The process of simulating a garment in Clo3D involves the virtual stitching of parts and their 
placement on a virtual mannequin. The software's functionality allows you to assess the quality of 
the product's fit not only visually, but also based on the specially developed tools. Clo3D offers 
three different tools for analysis, the stress map, the strain map, the pressure point map and the fit 
map (Table 1). These maps are calculated within the simulation and displayed in a colour gradient 
over a specific range. The Strain Map calculates the deformation of the textile by external 
influences. The stress map indicates the stretching of the textile. The pressure points show where 
the textile is in direct contact with the avatar's surface. The fit map calculates the three previous 
values and indicates where the clothing fits tightly or cannot be worn at all. 

 

Table1. Garment Fit Maps in the 3D window to check 3D Gament's fit* 

Stress Map    External stress causing garment distortion per area of the fabric appears in 
the range of color and numbers.  Stress Map appears in a total of eight 
colours: Red indicates the strongest stress (100kPa) while blue indicates 
zero distortion (0.00kPa). Other numbers in between are expressed as the 
gradation of two colours. 

Strain Map    Garment's distortion rate due to external stress appears in percentage.  
Stain Map appears in a total of eight colours: Red indicates 120% of 
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distortion rate while blue indicates 100% (no distortion). Numbers in 
between are expressed as the gradation of two colours. 

Fit Map    Fip Map shows the tightness of the 3D Garment.  Can't Wear appears in 
red indicating not wearable area. 
  Very Tight appears in orange indicating a very tight area. 
  Tight appears in yellow indicating a slightly tight area. 
  Show Pressure Points  
  Show or hide contact points between 3D Garment and Avatar. 

*[Garment Fit Maps Copyright © 2023 CLO Virtual Fashion LLC. All Rights Reserved. 
https://support.clo3d.com/hc/en-us/articles/360000436368-Garment-Fit-Maps]  

 

3. RESULTS AND DISCUSSION 

Ensuring the dynamic fit of clothing is based on the study of movements that are typical for a given 
functional environment. In our case, the task relates to the study and classification of sign language 
movements in order to take them into account when providing dynamic compliance. For this 
purpose, an interpreter with 30 years of experience in sign language communication and sign 
language interpreting was also consulted. In addition, methodological guidance for sign language 
interpreters was examined and several sign language videos were watched. On this basis, the 
typical shoulder and forearm movements were determined, which represent the basis for the vast 
majority of the signs. A kinematical model from the field of modern biomechanics was used to 
schematically represent and record the results. In modern biomechanics, the human body is viewed 
as a biocinematic chain in which each limb has its numbering and can perform three types of 
movement, which can be recorded in vector or coordinate form [21]. Using the described procedure 
typified patterns of basic sign language movements were developed to be adopted in the following 
research phases. 

In order to bring the study conditions closer to the real usage environment, we scanned typical sign 
language movements with a 4D scanner. The procedure of scanning and processing the data 
obtained is explained in detail in [22]. To simplify of the received data analysis, a new script in 
the programming environment Matlab of the company MathWorks was created. To analyze the 
lengths of the selected measurements, these curves were defined and saved as a list of vertex 
indices. After processing all files, the discrete described curves from all selected frames were 
plotted and their length were computed and visualized (Figure 1). The workflow for this processing 
in detail and open issues were reported in [23]. This methodology allowed us to extract particular 
frames from the obtained dataset that are critical for providing ergonomics during sign language 
communication, further called extreme postures. In addition, the values of the maximum dynamic 
effect of body dimensions affecting the pattern construction were determined (Table 2).  
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Figure 1. Change the position and length of selected segments in motion 

 

Table 2. Calculation of measurements for deaf people's clothing design 

Measurement 
Body dimension 

in static, mm 
Body dimension 
in dynamic, mm 

Dynamic effect 
absolute, mm 

Dynamic effect 
relative, % 

7CV to waist 396 415 19 5 
Arm length 519 567 48 9 
Arm girth 239 255 16 7 
Back armpits 300 374 74 25 
Front armpits 287 242 -45 15 

 

The measurements shown in Table 2 were determined on a sample of a female size 36 according 
to the European size system. These measurements were taken for each separate captured frame 
during the scanning of a series of sign language movements. After that, the data was statistically 
analysed. The values of the following statistical parameters were determined by the confidence 
level of 95.0%: mean value, standard error, median, mode, standard deviation, minimum, and 
maximum. The maximum value from the entire series of captured frames was adopted as the body 
dimension in dynamic. The largest dynamic effect was observed in the arm length and back width. 
The increase in the Back armpits measurement is up to 25%. 

 

At the next stage of our 
research, the basic pattern 
construction of the women's 
formal jacket was developed. 
Since the ergonomic approach 
involves the integration of 
dynamic measurement into the 
design parameters, it was 
necessary to develop a flexible 
system. This became possible 
due to the mentioned 
advantages of the GRAFIS 
software. The main 
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constructive ease allowances in 
the construction process were 
set in the form of variable 
values (X-Werte). Varying 
these values made it possible to 
track how the configuration and 
arrangement of certain parts of 
the construction changes while 
adapting to a particular sign 
language movement. 

 

Figure 2. Comparative analysis of the motion-oriented design geometry 

Most of the parametric changes concern the width of the back and front parts, the width and length 
of the sleeves, and the dimensions of the dart, which causes further deformations of the armhole 
and the sleeve cap (Figure 2). It is obvious that ensuring ergonomics in a constructive way will 
lead to a complete deformation of the product shape and occurs planty fitting defects in the product. 
This option is unacceptable, as the jacket is a formal casual garment supposed to have a good 
appearance in static positions and retain it during typical movements. 
 
Therefore, it was decided to use another approach, which involves compensating for dynamic 
growth by combining the ease allowances and elasticity of the material. For this purpose, it was 
necessary to investigate the impact of these factors on the ergonomics of the construction and the 
quality of the product's fit. The research was performed according to the following workflow: 
 Importing 2D flat pattern 
 Fabric properties adjustment 
 Importing 3D human body model in a motion corresponded to critical sign language 
postures 
 Arrangement and simulation of the product in Clo3D 
 StressMap recording while varying the ease allowances and fabric elasticity 
 Picture cluster generation based on the obtained images 
 Colour extraction and plotting graphs 
 Calculating and graphical analysis of the data obtained 
 Optimum determination for the studied variables 
 Validation of the results 

The virtual prototyping process covers several work steps, starting with a 2D pattern preparation 
and ending with the development of a final virtual prototype. To simulate the product, the details 
of a women's jacket designed in Graphis CAD with typical for this product range ease allowances 
were imported into the 2D area of the Clo3D software and assembled. The linen fabric from the 
virtual Clo 3D database was selected as the top fabric and then the properties were adjusted and 
processed (Table 1). Once the virtual garment has been assembled and placed roughly on the 
avatar, the real process is simulated in the avatar window using the CLO 3D interface. Analysis of 
garment fitting has been done through optical assessment, stress, and fit maps, created during the 
simulation process for the garment prototype. So, Figure 3a shows a defect in the back width 
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caused by an increase in the back width ease by the amount of dynamic effect. At the next stage, 
the static mannequin in the static A-pose was replaced by a dynamic mannequin, whose pose 
corresponds to the extreme postures of sign language movements (Figure 3b). The Stress Map was 
evaluated for the chosen conditions (Figure 3c). The Stress Map shows the external stress causing 
garment pressure and appears in an arrangement of colors with the number where the red color 
indicates the highest stress while the blue color indicates zero distortion. As we can see, moving 
the hands forward and to the top, which is the dominant hand position when communicating in 
sign language, is accompanied by a significant effort for the consumer due to increased pressure 
in the middle back and elbows.  

   

a b c 

Figure 3. Dynamic fit analysis through virtual simulation 

In order to avoid these defects, the virtual garment's behavior on the avatar was studied by 
changing the “stretch” of the fabric in the range from 40 to 70 virtual units, and by varying the 
back width ease in increments of ±1cm. 

The images generated in Сlo3d had to be quantified to trace the interaction between these factors. 
For this purpose, the following methodology was proposed. Using the Matlab software 
environment the obtained images have been clustered and the main colours reflected in the Stress 
Map images have been identified (Figure 4). 
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a b c d 

Figure 4. Stress map image color analysis in Matlab:  
(a) Clo3d image; (b) original image; (c) cluster stress map image; (d) color histogram 

The program also allows exporting of numerical data describing the percentage of a particular colour in the 
image to be analysed. In our case, black was excluded as a background colour. The resulting colour palette 
was divided into two groups. The first group consisted of red and yellow colour spectrum characterised 
areas with high pressure (58-100 kPa6), the presence of which is interpreted by the system as unacceptable. 
The second group of colours consisted of the green and blue colour spectrum (0-42 kPa2), which 
characterise acceptable pressure values not significantly affecting the ergonomics of the product. It is 
obvious that the trend of changes in the values for these two groups is inversely proportional. The results 
of the graphical analysis of the impact of material elasticity (Stretch) and the back width ease on the stress 
value are shown below. 

  

a b 

Figure 4. Graphs of the impact of material elasticity (Stretch) (a) and the back width ease (b) on the stress value 

As we can see, the percentage of red colours rises rapidly with increasing “stretch”-properties of 
the materials, especially in the range from 50 to 60 v.u. Most suit fabrics belong to this "stretch” 
range. At the same time, the growth trend in the red colour ratio with increasing ease allowances 
values is much less. This indicates that the most effective way to ensure ergonomics in the pattern 
construction is to use elastic materials. An increase in the value of the ease allowances leads to the 
occurrence of fit defects and has a much smaller impact on the high-pressure area in the garment. 
Thus, by varying the amount of eases and selecting materials with appropriate elasticity properties, 
the existing conflict between ergonomic design and a good fit can be resolved. By integrating the 

                                            
6 kPa are pressure units used in the Clo3D simulation software to characterise external stress causing garment distortion per fabric 
surface in the Stress Map. Their correlation with standard pressure values has not been investigated 
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obtained results into the design process of fitted fashionable garments, the resulting garment 
product will better meet the customer’s requirements and will significantly increase their 
confidence and satisfaction degree. 

4. CONCLUSION 

An important aspect of designing ergonomic functional clothing is to take into account the typical 
movements of the usage environment. In the case of deaf people, these are movements of sign 
language. The use of modern scanning and data processing methods made it possible to obtain 
detailed information about the kinetics of the studied sign language movements and create virtual 
animated prototypes for further export to virtual 3D clothing design systems. By integrating 
dynamic data into the design process of fitted fashionable garments, the resulting garment product 
will better meet the customer's freedom of movement and will increase their well-being.  

Changes in the shape of body parts during communication in sign language, which significantly 
affect the parameters of clothing design, have been studied. Based on the obtained dynamic 
measurements, an ergonomic pattern construction was created. It was shown that ensuring 
ergonomics by dynamic measurement will lead to a complete distortion of the product shape and 
cause planty fitting defects in the product. This option is unacceptable, as the jacket is a formal 
casual garment supposed to have a good appearance in static positions and retain it during typical 
movements. Therefore, a new procedure has been proposed to ensure the ergonomics combined 
with a good fit.  

The 3D visualization of the model on the animated avatar enabled the identification of design 
solutions based on the ergonomic criteria of functional clothing models. The ability to visualize 
the level of pressure provided useful information for the optimization of material and style 
parameters while considering the requirements for wearing comfort. Since the problematic point 
of all previous studies was the quantitative assessment of Garment Fit Maps in Clo3D, we proposed 
a methodology for solving this issue by applying colour extraction. Based on the developed 
methodology, the impact of ease allowances and material elasticity on garment pressure were 
investigated. The resulting data were used to develop recommendations for the design of an 
ergonomic construction with a good fit for people who communicate in sign language. The 
application of the developed approach can be extended to other functional clothing ranges. 

Future research will deal with sleeve parameters because the sleeves have the second largest areas 
of high garment pressure after the back part caused by the design's non-compliance with ergonomic 
requirements. The next step will be the automation of the developed approach, which will help 
reduce the time required for data processing and analysis. Of course, the selected clothing range is 
a multi-layered construction and the presence of additional layers may change the results obtained. 

The presented study can be applied for future analyses and operational validations regarding the 
optimal values for ease allowances, multilayered structures that are typical for a jacket, and other 
types of materials. The results provided a theoretical basis and practical guidance for clothing 
designers, and engineers involved in functional clothing design, and assisted in evaluating the 
garment fit while using a virtual simulation system. 
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ABSTRACT  
 
This study delves into the integration of Industry 4.0 principles within the textile industry, with a particular emphasis 
on automating machine parameter adjustments during the bleaching process. Industry 4.0, characterized by its 
hallmark features of automation, data-driven decision-making, and heightened efficiency, stands as a pivotal 
transformation across various industrial sectors. In the context of the textile industry, historically pivotal in the realm 
of industrialization, the adoption of Industry 4.0 is poised to deliver substantial advantages. These include heightened 
operational efficiency, reduced operational costs, elevated product quality, and enhanced customer satisfaction. This 
study primarily revolves around the automation of machine settings within a bleaching machine, with the overarching 
goal of diminishing human intervention while ensuring standardized production protocols.  The cornerstone of this 
research is the development of a system adapt at seamlessly transmitting vital parameters contingent on the fabric 
type. This pivotal system not only fosters error reduction but also optimizes resource utilization. By achieving this, 
the study contributes significantly to the establishment of smart factories of Industry 4.0. The implementation strategy 
encompasses robust industrial communication systems, prominently featuring SCADA (Supervisory Control and Data 
Acquisition) and RFID (Radio-Frequency Identification) technology. These systems are instrumental in monitoring 
and governing the intricacies of the production process. 
 
The outcomes of this research exemplify the successful blend of Industry 4.0 concepts into the textile sector. This 
integration dramatically curtails human involvement in the fine-tuning of machine parameters, ultimately elevating 
production efficiency to new heights. At last, this research emphasizes the transformative potential of Industry 4.0 
within the textile industry, especially in error-prone processes like bleaching, offering a glimpse into a future where 
manufacturing operations are revolutionized.  
 
Keywords: Industry 4.0, Digitalizing, Home Textile Production Steps 
 
1. INTRODUCTION  
 
Industry 4.0, which is stated with terminologies such as Digital Transformation, Digitizing 
Industry, Fourth Industry Evolution, is a collective term that encompasses automation system, data 
interchange and production technologies, where business activities are handled with data-based 
scientific methodologies. Industry 4.0 generally starts with the purchase of raw materials, 
producing products, delivering them to the consumer, and then recycling, deterioration, etc. It 
alludes to the continued use of emerging technologies to improve processes at all points along the 
supply chain, including the recall of reasons[1].  Industry 4.0 applications offer considerable 
improvements in terms of production efficiency, product quality, resource, time, and energy 
savings and are now widely used across a variety of industries. Speed, width-depth, and system 
effect are three of Industry 4.0's most significant defining characteristics. The competition between 
businesses and nations is made up of these three defining characteristics. As a result of this conflict, 
it is expected that enterprises and countries that do not comply with these three aspects would 
suffer large losses in the coming periods[2]. It becomes clear that the textile industry was the 
primary sector at the outset of the industrialization revolution in many developed nations. As a 
consequence of the studies, it is determined that integrating business 4.0 into the textile business 
has numerous advantages, including improved efficiency, decreased operating costs, improved 
quality, transparency, sped-up order delivery, and enhanced customer satisfaction[3]. Due to the 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

314 
 

challenges faced in the production of the textile industry, it is expected in a different study done in 
Germany that Industry 4.0 would be in a better position thanks to the manufacturers of system 
software and current machinery in the textile sector[4]. 
 
Yosumaz et al. in their study, they make sure that various parameters, including employee 
performance information, machine capacity information, machine fault conditions information, 
machine temperature and vibration information, and machine usability status are tracked with 
Industry 4.0 applications integrated into the production processes of the ready-made clothing 
company [5]. In a different study by Gökalp et al., studies were done into the development of a 
smart clothing factory in the ready-made clothes sector, and Industry 4.0 applications were 
recommended for the process from the acquisition of raw materials through the packing and 
delivery of the product to the customer [3]. 
 
As a result of these researches, it is predicted that many processes in the textile industry can be 
included in Industry 4.0 applications. There are many error-prone processes in the textile industry. 
One of these is bleaching, which is the removal of the color of raw textiles by removing natural 
pigments. Thanks to the bleaching process, a constant whiteness value is obtained in the fabrics 
and thus color problems that may be encountered in the subsequent processes are avoided. There 
are multiple dependent and independent variables in this process. Making these variables manually 
by the operator makes this process an error-prone process. 
 
This study's goal is to develop a smart factory based on preventing human-induced errors in the 
machine parameter settings for the fabric type in the bleaching machine. The goal of integrating 
Industry 4.0 into the production system is to move the decision-making process to the system by 
focusing on machine adjustment. The system will become error-proof in this way, and potential 
issues will be resolved. As a result, it aims to standardize production, prevent quality-related issues 
by producing the proper amount at once, and utilize resources as efficiently as possible. 
 
2. MATERIALS AND METHODS 
 
2.1.  Machinery 
 
In cotton textile production processes, bleaching machine used in the pre-treatment process as a 
crucial step. The bleaching stage plays a critical role in ensuring the precise whiteness of next 
processes, including printing, dyeing, and final finishing. In this study, automatization 
technologies were applied on the Küsters 1996 bleaching machine. The primary purpose of the 
bleaching process is to remove the natural ecru color derived from the cotton's natural structure in 
order to obtain white fabrics. Additionally, it is crucial for removing the inherent oils, impurities, 
and natural dyes present in cotton, aiming to achieve a consistent canvas with uniform properties 
before dyeing. Hydrogen peroxide serves as the key chemical agent in the bleaching process, 
functioning as an oxidizer. Caustic, stabilizer, wetting agent, and ion binder constitute the other 
chemicals in the bleaching recipe. Figure 1 represents the relevant bleaching machine. 
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Figure 1. Bleaching Machine 

 
In general, the machine parameters on the bleaching machine are manually adjusted by operators 
through the PLC interface. The operator-set parameters are segregated into two distinct categories: 
variable parameters and fixed parameters. Variable parameters encompass those that fluctuate in 
response to factors like fabric quality, width, and the specific process in use. In contrast, fixed 
parameters encompass those that remain constant and are essential for the machine to function 
optimally, such as steam pressure, bath temperature, and the status of the vacuum system. The 
primary aim of this study is to devise a system that eradicates the need for operator intervention in 
handling variable parameters, and subsequently integrate this system seamlessly into the machine's 
PLC interface. This effectively eliminates human involvement and ensures that production 
consistently adheres to the same critical machine settings. As a result, fabrics emerging from the 
bleaching process consistently exhibit specific characteristics tailored to their fabric type. By 
implementing a system that enables accurate production in a single cycle, we can proactively avoid 
inefficiencies such as repairs, additional processing steps, and quality issues. Furthermore, this 
approach contributes to a reduction in resource consumption, including energy and water, while 
simultaneously boosting machine capacity. Ultimately, this paves the way for increased production 
output, aligning with our goal of enhancing efficiency and productivity. 
 
2.2. Industrial Communication 
 
The SCADA system plays a crucial role in managing various procedures, including monitoring 
raw materials, production processes, and final products. It operates in a virtual environment, 
collecting data from sensors installed on machines during their physical operations. These sensors 
convert real-world events into electrical data (analog signals), which are then converted into digital 
information using D/A (digital/analog) converters before being transmitted to the computer. For 
on-off actions, such as the presence or absence of an object, direct communication with the 
computer is possible without D/A conversion. The SCADA system also relies on PLCs to gather 
process data, such as production quantity, temperature, pressure, and processing times, to 
efficiently monitor and control manufacturing processes. Individual RFID cards are created for 
each product to determine and track the processes a product (finished fabric) goes through during 
its production process. Raw fabrics are equipped with RFID cards before the production process 
begins, allowing the machine to record product-specific information. Machine settings are 
configured manually by operators. The primary aim of the study is to prevent errors that may occur 
due to human intervention in configuring machine parameters based on fabric type in production 
machines and to establish the foundation for a smart factory. In this regard, when the RFID card 
is scanned into the machine, the goal is to seamlessly transfer critical machine parameters defined 
in the existing ERP system directly to the machines and automate the settings. A system is designed 
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through the development of software and connectivity technologies for the study, which can be 
integrated into all the machines used in the factory. This system creates a microservice capable of 
retrieving production or any required information from management, analysis, and reporting 
programs such as ERP, CRM, and MES, and sends it to the machines. The microservice aims to 
be able to retrieve data from WebServices or API connections, determine data types, and convert 
the transmitted data into data sets that the machine can understand, with tags being integrated into 
the data set before being sent to the machine. A new service is being developed for the connection 
types of the machines. This new service enables communication with independent industrial 
protocols from the entire system, and new protocols can be added to this service when needed. For 
example, for a PLC (Siemens S71500) in the bleaching machine with an RS422 connection type 
and another one with MODBUS TCP, separate tags are created using this service for each protocol. 
Continuous data analysis is conducted while the machine is in operation. The software and 
connection systems developed retrieve production or any required information from management, 
analysis, and reporting programs such as ERP, CRM, and MES. This information is matched, any 
alterations are transmitted to the machine, and a machine information card is generated. This card 
contains the necessary parameters for production, and it lists the tags generated within the system 
that match these parameters. To ensure the study's success, an environment is established to test 
the software and hardware in real working conditions during the initial phases. After completing 
MVP and PoC studies, a test environment within Zorluteks ensures the stability of products 
emerging from this study before they are deployed. This enables the seamless integration of all 
changes and requests made by Zorluteks. The study's roadmap aims to meet most of the customer 
demands, even in the initial product versions. Regarding connections with smart devices, 
considerations include compatibility with modern technology, cost-effectiveness, precision, 
suitability for industrial environments, and continuity. The primary goal is to establish connections 
using Wi-Fi, Ethernet, and USB. For Authorization and Security, factors like security measures, 
response time, user-friendliness, international compliance, and reliability are all carefully 
considered. A dual-layered protection approach is implemented, including User Name/Password - 
2FA - HTTP Basic Authentication. In Mobile Platform Software development, considerations 
include device compatibility, optimal utilization of device resources, speed, and alignment with 
selected technologies/methods. Programming languages like Java, Node JS, React JS, Hybrid, 
HTML 5, and more are employed. In Web Software Development, factors like speed, technology 
compatibility, development efficiency, and security are taken into account. Programming 
languages such as Node.JS, Java, React JS, HTML 5, and others are used. For Database selection, 
considerations include speed, supply cost, reliability, and backup/restore time. Consequently, No 
SQL and PostgreSQL databases are chosen. The study incorporates risk analyses and testing at 
each stage using the spiral method to ensure that outputs align with the Postgre and No SQL study 
proposal. These practices are upheld throughout the study's duration. 
 
3. RESULTS AND DISCUSSION 
 
Within the scope of this study, a system has been developed within Zorluteks to automatically 
configure machine parameters for production processes for the first time, eliminating the need for 
human intervention and laying the groundwork for the establishment of a smart factory. In this 
context, the existing production system was initially examined, and both fixed and variable 
parameters were identified. A data library containing variable parameters that require human 
intervention in the system was created. To enable the process to be conducted using IoT, analyses 
of the company's ERP infrastructure system and Local Network were conducted. Additionally, 
detailed examinations of the industrial communication protocols between the operator panel of the 
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existing machine system and the PLC system were carried out, and it was determined that 
communication was taking place through the Profibus network. 
 
In the course of the study, the goal was to automatically set machine settings based on fabric 
characteristics without operator intervention when an RFID card is scanned into the machine. 
Special APIs were developed to enable these adjustments to be made automatically, and an 
application was created that could write values to the TAGs, thereby establishing a DevOps 
infrastructure. To facilitate communication, data reading, and external intervention in the 
machine's PLC, a specialized device was developed by the study's industrial partner. In the final 
step of the study, the integration of the acquired device with the machine was tested, and tests were 
conducted for communication between the PLC and Operator Panel over the industrial protocol, 
data transmission, and addressing any potential errors. After conducting tests with real data, the 
developed system was put into use within the production process. As a result, the bleaching 
machine became the first machine within Zorluteks Textile to fully embody Industry 4.0 features. 
The developed Industry 4.0 application was integrated into the production system, transferring the 
decision-making mechanism for machine settings from human to the system. In the study, the 
efficiency of the machine-operated production process, along with losses in energy, reprocess, and 
chemical usage, were compared between the production process following the integration of 
Industry 4.0 into the production system and the process under operator control. Initiated with the 
aim of achieving accurate production in a single attempt, the study resulted in a 26% improvement 
in reprocess rates upon implementation of the system. Additionally, there was a 21% reduction in 
the amount of chemicals consumed. 
 
In summary, the study aimed to eliminate human-related errors in making machine parameter 
adjustments based on fabric type, thereby establishing the foundation for a smart factory. The 
integration of Industry 4.0 practices was intended to reduce human influence and improve the 
efficiency and accuracy of production processes. 
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ABSTRACT 
 
PET fiber needs to be dyed about 130ºC or dyed with carrier method because of the characteristics features such as 
high crystallinity, lack of active groups and highly hydrophobic nature. Therefore, PET fibers dyeing methods have 
been consumed excessive amount of energy and chemicals. In this regard, our study is aimed at reducing energy and 
chemical consumption in the PET dyeing process by the utilization of mono and dicationic ionic liquids. In our 
sustainable dyeing process at 95ºC, usage of 10 g/l 1,4-Bis(3-methyl imidazolium)butane dibromide (IL3) increases 
colour strength (K/S) %117 compared to blind dyeing. 
 
Key Words: Sustainable dyeing, ionic liquids, monocationic ionic liquids, dicationic ionic liquids. 
 
1. INTRODUCTION 
 
PET fiber is most widely used synthetic fiber because of the fact that good elastic recovery, ease 
of care, long life, excellent dimensional stability, resistance to many chemicals and high tensile 
strength. However, the high degree of crystallinity, lack of active groups and hydrophobic 
characteristic lead to difficulties in the penetration of dye molecules into the fiber [1]. Therefore, 
PET fabric needs to be dyed with the carrier method or high temperature (HT) dyeing method at 
around 130°C. These methods provide better disperse dye penetration into the fiber matrix and can 
be achieved higher colour yield [2, 3]. However, HT dyeing method comes up with two drawbacks, 
high energy consumption and long dyeing duration.  In recent years, researches on alternative PET 
dyeing method at low temperature has increasingly drawn attention the context of sustainable 
production goals [1].  Research on the use of auxiliary chemicals like ethanol and glycerol, which 
have less ecotoxic and polluting features, and also on manufacturing methods that utilize fewer 
natural resources for sustainable production, has been carried out in the textile sector. [4, 5, 6, 7]. 
In this regard, one of the most effective alternative approaches that may be used in the PET dyeing 
process is the utilization of ionic liquid as an auxiliary chemical or solvent under atmospheric 
dyeing conditions. [3, 8, 9]. 

 
Ionic liquids are novel green solvents with melting points below 100°C that may be made up of 
millions of different cation and anion combinations (about 1018). The selection of cation and anion 
influences the key features of ionic liquids for dyeing, such as density and viscosity. This liquid 
class also has numerous properties that allow them to be considered sustainable chemicals, 
including high thermal stability, good recycling, mild reaction conditions, non-volatility, non-
flammability, reusable, waste prevention and low toxicity [9, 10].  
 
Ionic liquids are used in many kinds of textile processes, including spinning, textile preparation, 
colouring, and finishing [9]. Studies on eco-friendly applications of ionic liquids in dyeing are very 
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new, with just a few publications to date. In the literature, it has been utilized as an auxiliary 
chemical, surface modification chemical, or solvent in the dyeing processes of wool, cotton, PET, 
silk, cotton/PET, nylon, and meta-aramid textiles [3, 4, 8, 11, 12, 13, 14, 15]. 
 
This research is mainly focused on minimizing energy and chemical demand in PET dyeing with 
the utilization of mono and dicationic ionic liquids in the textile dyeing process.  
 
2. MATERIALS AND METHODS 
 
In this work, 100% PET knitted fabric (120 g/m2, single jersey) and C.I. Disperse Red 167 were 
used. 1-butyl-3-methylimidazolium chloride (IL1), 1-butyl-3-methylimidazolium bromide (IL2), 
1,4 bis(3-methylimidazolium) butane dibromide (IL3) and 1,4 bis(3-methylimidazolium) butane 
dichloride (IL 4) have been synthesized by Dokuz Eylül University Department of Chemistry for 
IL dyeing processes. Dyestuff is shown in Figure 1 and ionic liquids are shown in Figure 2. 
 

 
 

Figure 1. Chemical structure of C.I. Disperse Red 167 [16] 
 

 
(a)1-Butyl-3-methyl imidazolium chloride (IL1) 

 
(b)1-Butyl-3-methyl imidazolium bromide (IL2) 

 
(c)1,4-Bis(3-methyl imidazolium)butane dibromide 

(IL3) 

 
(d) 1,4-Bis(3-methyl imidazolium)butane dichloride (IL4) 

 
Figure 2. Chemical structure of ionic liquids 

 
0.5% C.I.Disperse Red 167 (o.w.f) was utilized in all dyeing experiments. In addition, 2% C.I. 
Disperse Red 167 (o.w.f) was attempted according to the best results obtained with 0.5% dyestuff. 
In comparison, HT dyeing processes were performed at 130oC, whereas our ionic liquid dyeing 
methods were performed at 95oC. All experiments were conducted with a 1:20 liquor ratio at pH 
4. 
 
In the conventional HT dyeing process, an alkali pretreated (5% NaOH, 1:50 liquor ratio,100ºC, 
60 min.) PET fabric was used. Furthermore, unlike ionic liquid dyebaths, conventional HT 
dyebaths contain a dispersion agent. In the blind dyeing process, PET fabrics dyed with dyestuff 
and water were used to observe the effects of ionic liquids at 95 oC. IL has been utilized as a solvent 
and an auxiliary chemical in our dyeing processes. When ionic liquid has been used as an auxiliary 
chemical, 2g/l- 5g/l- 10g/l and 20g/l (ionic liquid/water- (w/v)) solutions are prepared, and the 
dyestuff dissolves in these solutions. In the case of IL usage as a dyeing medium, the dyestuff is 
dissolved directly in the ionic liquid All dyeing curves were shown in Figure 3. After the dyeing 
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processes, all samples were rinsed with distilled water until the water was clear, then dried in an 
oven. 
 

 
(a) Conventional HT 

dyeing 

 
(b)Blind dyeing-ionic liquid 

dyeing 
 

Figure 3. Dyeing Curves 
 
After dyeing processes, the colour strength (K/S values) of PET fabrics were determined by using 
spectrophotometer and calculated K/S values by the Kubelka-Munk equation, at Eq (1): 
 

K/S =
(ଵ-ୖమ)

ଶୖ
                                                         (1) 

 
Where K is the absorption coefficient, S is the scattering coefficient and R is the reflectance of 
dyed samples at the wavelength of maximum dye absorption [13]. 
 
UV–visible spectrophotometer has been used to determine the dye uptake differences of the 
samples by measuring the absorbance values of the remaining dyebath. Washing and rubbing 
fastness tests, as well as XRD and FTIR analyses, has been performed of dyed samples. 
 
3. RESULTS AND DISCUSSION 
 
Figure 4a illustrates that increasing the IL1 concentration from 2g/l to 20g/l has an influence on 
color strength, with blind dyeing samples having a lower colour strength than IL 1 dyeing samples. 
The highest color strength value has been achieved at  concentration of 20 g/l IL 1. 

 

 
(a)  

 
(b) 

 
Figure 4. Effects of different amounts of IL 1 usage on colour strength (0.5% dyestuff) (a), Effects of  four different 

ionic liquids on colour strength for 10 g/l IL concentration (0.5% dyestuff) (b) 
 

Figure 4b shows the effect of ionic liquid types (monocationic or dicationic) on colour strength at 
10 g/l IL concentration. The colour strength of the blind dyeing sample is significantly lower than 
the colour strength of all IL dyeing samples. Furthermore, the colour strength of dicationic IL3 
and IL4 dyed samples was greater than that of monocationic IL1 and IL2 dyed samples at 10 g/l 
IL concentration. Figure 5 shows photographs of various dyeing samples.  
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       (a) 

 
(b) 

 
(c) 

 
Figure 5. Photographs of HT dyeing sample (a), 95ºC blind dyeing sample(b), 95ºC 20 g/l IL1 dyeing sample(c), 

95ºC IL1 dyeing  as a dyeing medium 
 

Figure 6 shows the UV-Vis absorption spectra of the remaining IL3 dyebath after the dyeing 
process. The dye uptake of IL 3 dyed fabrics was found to be higher than that of blind dyeing 
samples. The maximum dye uptake was observed when 10 g/l IL3 was utilized for IL 3 dyeing. 
 

 
 

Figure 6. Absorbance spectra of remaining dyebath of IL3 dyeing  
 
Dyeability has been correlated with crystallinity because reducing crystallinity enhances diffusion 
of the dye into the fiber, resulting in increased dye uptake [17, 18]. 
 
X-ray diffraction analysis was used to examine the influence of ionic liquids (IL3 and IL4) and 
blind dyeing on the physical structure of polyester fabric, as shown in Fig. 7a and FTIR spectra of 
PET, IL3, IL3 dyed PET The degree of crystallinity was estimated using the following formula 
[19]: 
 

Crystallinity= 
(୍୬୲ୣ୬ୱ୧୲୷ ୭ ୡ୰୷ୱ୲ୟ୪୪୧୬ୣ ୰ୣ୧୭୬)

(୍୬୲ୣ୬ୱ୧୲୷ ୭ ୡ୰୷ୱ୲ୟ୪୪୧୬ୣ ୰ୣ୧୭୬ା୍୬୲ୣ୬ୱ୧୲୷ ୭ ୟ୫୭୰୮୦୭୳ୱ ୰ୣ୧୭୬)
× 100

 
(୍୬୲ୣ୬ୱ୧୲୷୭ୡ୰୷ୱ୲ୟ୪୪୧୬ୣ୰ୣ୧୭୬)

(୍୬୲ୣ୬ୱ୧୲୷୭ୡ୰୷ୱ୲ୟ୪୪୧୬ୣ୰ୣ୧୭୬ା୍୬୲ୣ୬ୱ୧୲୷୭ୟ୫୭୰୮୦୭୳ୱ୰ୣ୧ )
× 100 (2) 

 

 
(a) 

 
(b) 

 
Figure 7. X-ray diffractograms of PET, Blind dyeing, IL3 dyeing and IL 4 dyeing samples (a), FTIR spectra of PET, 

IL 3, IL3 dyeing sample, IL 4 and IL 4 dyeing sample. 
 

According to the Figure 7a undyed polyester fabric shows higher crystallinity than blind dyed and 
ionic liquids dyed polyester fabrics. The crystallinity degrees of undyed, blind dyed, IL3 dyed and 
IL4 dyed polyester fabrics are 48.22 %, 47.00 %, 33.12 % and 41.69 %, respectively. Because of 
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dye and fibre interaction, the crystallinity degree of dyed PET fabric decreases as compared with 
undyed polyester fabric [19].  
 
According to the Figure 7b the peaks at 2969 cm-1 and 2931 cm-1 in the dicationic chloride dyed 
fabric show the aliphatic and asymmetric -C-H stretching vibrations in the fabric and IL4. The 
peak at 1713 cm-1 represents the carbonyl (C=O) vibration peak of the fabric, whereas the peaks 
at 1408 cm-1, 1471 cm-1, 1505 cm-1, and 1578 cm-1 indicate C=C and C=N stretching vibrations of 
the ionic liquid and the fabric, respectively Peaks between 1339 and 1244 cm-1 indicate -C-H 
bending vibrations, and peaks at 1077 cm-1 and 1108 cm-1 correspond to -C-C stretching vibrations. 
The aromatic =C-H out-of-plane bending vibrations are seen in the peaks between 792 cm-1 and 
970 cm-1 [20, 21, 22]. 
 
The peak at 2971cm-1 of the IL 3 dyed PET fabric demonstrates the =C-H stretching vibrations of 
the ionic liquid and the fabric. The peaks at 2356 cm-1, 2318 cm-1, 2110 cm-1, and 1949 cm-1 show 
the aliphatic symmetric and asymmetric C-H stretching vibrations of the fabric and IL 3. The 
carbonyl (C=O) vibration peak of the fabric is shown by the peak at 1713 cm-1, and the C=C and 
C=N stretching vibrations of the ionic liquid and the fabric are represented by the peaks at 1408 
cm-1, 1471 cm-1, and 1578 cm-1. Peaks at 1340 cm-1, 1245 cm-1 are -C-H bending vibrations, 
whereas peaks between 1097 cm-1 -1018 cm-1 are -C-C stretching vibrations. The aromatic =C-H 
out-of-plane bending vibrations are seen in the peaks between 827cm-1-971 cm-1 [20, 23, 24]. 
 
Furthermore, IL dyeing samples demonstrated the same dry and wet rubbing fastness as HT dyeing 
samples, but their washing fastness was one or two degrees lower, according to the fastness test 
results. 
 
4. CONCLUSIONS 
 
In this study, monocationic and dicationic ionic liquids were utilized as a dyeing medium and 
auxiliary chemical in the dyeing process. The usage of ionic liquids as an auxiliary chemical in the 
dyeing process resulted in higher colour strength than blind dyeing at all concentrations. 
According to the XRD data, the swelling impact of IL reduces the crystallinity of PET fibers, 
increasing dye uptake. Dry and wet rubbing fastness of IL dyeing samples were equivalent to HT 
dyeing, whereas washing fastness was one or two degrees lower than HT dyeing results. 
 
As expected, the ionic liquid dyeing process is a sustainable dyeing process that decreases the 
environmental impact of the HT dyeing process by reducing the dyeing temperature while utilizing 
fewer auxiliary chemicals. 
 
ACKNOWLEDGEMENT 
 
This study is supported by TÜBİTAK 2244 with the project number 119C078 and Dokuz Eylül 
University BAP with the project number 2732. 
 
5. REFERENCES 
 
[1] WANG, X., WANG, J., HE, J., GU, X., QIN, K. A comparative study on dyeing properties of 
iterative polyester and ordinary polyester dyed with disperse dyes. The Journal of The Textile 
Institute, 2023, 114, 5, 774-781. 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

323 
 

[2] NAKPATHOM, M., SOMBOON, B., NARUMOL, N. and MONGKHOLRATTANASIT, R. 
High temperature dyeing of PET fabric with natural colourants extracted from annatto 
seeds. Pigment & Resin Technology, 2019, 48, 2, 129-136. 
[3] OPWIS, K., GUTMANN, J. S., and KNITTEL, D. Dyeing of textile materials in ionic liquids. 
In 5th International Congress on Ionic Liquids (COIL-5). Vilamoura, Portugal. 2013. 
[4] BIANCHINI, R., CEVASCO, G., CHIAPPE, C., POMELLI, C. S. and RODRÍGUEZ 
DOUTON, M. J. Ionic liquids can significantly improve textile dyeing: an innovative application 
assuring economic and environmental benefits. ACS Sustainable Chemistry & Engineering, 2015, 
3, 9, 2303-2308. 
[5] FERRERO, F., PERIOLATTO, M., ROVERO, G. and GIANSETTI, M. Alcohol-assisted 
dyeing processes: a chemical substitution study. Journal of Cleaner Production, 2011, 19, 12, 
1377-1384. 
[6] FERRERO, F., PERIOLATTO, M. Glycerol in comparison with ethanol in alcohol-assisted 
dyeing. Journal of Cleaner Production, 2012, 33, 127-131. 
[7] PASQUET, V., PERWUELZ, A., BEHARY, N. and ISAAD, J. Vanillin, a potential carrier 
for low temperature dyeing of polyester fabrics. Journal of Cleaner Production, 2013, 43, 20-26. 
[8] OPWIS, K., BENKEN, R., KNITTEL, D. and GUTMANN, J. S. Dyeing of PET fibers in 
ionic liquids. International Journal of New Technology and Research, 2017, 3, 11, 101-108. 
[9] MEKSI, N., MOUSSA, A. A review of progress in the ecological application of ionic liquids 
in textile processes. Journal of Cleaner Production, 2017, 161, 105-126. 
[10] TROGER‐MULLER, S., BRANDT, J., ANTONIETTI, M. and LIEDEL, C. Green 
Imidazolium Ionics–From Truly Sustainable Reagents to Highly Functional Ionic 
Liquids. Chemistry–A European Journal, 2017, 23, 49, 11810-11817. 
[11] OPWİS, K., CELİK, B., BENKEN, R., KNİTTEL, D. And GUTMANN, J. S. Dyeing of m-
Aramid fibers in ionic iquids. Polymers, 2020, 12, 8, 1824. 
[12] ZHUANG, L., ZHENG, C., SUN, J., YUAN, A., and WANG, G. Performances of ramie fiber 
pretreated with dicationic imidazolium ionic liquid. Fibers and Polymers, 2014, 15, 226-233. 
[13] S. ANDRADE, R., TORRES, D., RIBEIRO, F. R., CHIARI-ANDRÉO, B. G., OSHIRO 
JUNIOR, J. A. and IGLESIAS, M. Sustainable cotton dyeing in nonaqueous medium applying 
protic ionic liquids. ACS Sustainable Chemistry & Engineering, 2017, 5, 10, 8756-8765. 
[14] CHENG, D. H. Application of ionic liquid in silk dyeing. Advanced Materials 
Research, 2011, 331, 253-256. 
[15] YUAN, J., WANG, Q., AND FAN, X. Dyeing behaviors of ionic liquid treated wool. Journal 
of Applied Polymer Science, 2010, 117, 4, 2278-2283. 
[16] HUSSAIN, N., HUSSAIN, S., MEHDI, M., KHATRI, M., ULLAH, S., KHATRI, Z. and 
KIM, I. S. Introducing deep eutectic solvents as a water-free dyeing medium for poly (1, 4-
cYclohexane dimethylene isosorbide terephthalate) PICT nanofibers. Polymers, 2021, 13, 16, 
2594. 
[17] ASIABAN, S., MORADIAN, S. Investigation of tensile properties and dyeing behavior of 
various polypropylene/polyamide 6 blends using a mixture experimental design. Dyes and 
Pigments, 2012, 92, 1, 642-653. 
[18] HARIFI, T., MONTAZER, M. Free carrier dyeing of polyester fabric using nano TiO2. Dyes 
and Pigments, 2013, 97, 3, 440-445. 
[19] PAWAR, S. S., MAITI, S., BIRANJE, S., KULKARNI, K. and ADIVAREKAR, R. V.  A 
novel green approach for dyeing polyester using glycerine based eutectic solvent as a dyeing 
medium. Heliyon, 2019, 5, 5. 
[20] İÇOĞLU, H. I. Comparative Analysis of PET, PTT and PBT Yarns Hydrolyzed by 
Alkali. Textile and Apparel, 2022, 32, 1, 57-64. 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

324 
 

[21] DHARASKAR, S. A., VARMA, M. N., SHENDE, D. Z., YOO, C. K., and WASEWAR, K. 
L. Synthesis, characterization and application of 1-butyl-3 methylimidazolium chloride as green 
material for extractive desulfurization of liquid fuel. The Scientific World Journal, 2013, 2013. 
[22] ABDUL RAHMAN, W., ABDUL WAHAB, S. A., and ZAKARIA, S. Influence of 1-butyl-
3-methylimidazolium chloride ([BMIM] Cl) reaction temperatures to the toxicity and 
biodegradation of kapok cellulose film. Jurnal Intelek, 2015, 10, 1, 67-73. 
[23] RAJKUMAR, T., RAO, G. R. Synthesis and characterization of hybrid molecular material 
prepared by ionic liquid and silicotungstic acid. Materials Chemistry and Physics, 2008, 112, 3, 
853-857. 
YUE, Q. F., WANG, C. X., ZHANG, L. N., NI, Y., and JIN, Y. X. Glycolysis of poly (ethylene 
terephthalate)(PET) using basic ionic liquids as catalysts. Polymer Degradation and Stability, 
2011, 96, 4, 399-403.  



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

325 
 

A RESEARCH ON PROPERTIES OF KNITTED FABRICS PRODUCED 

WITH RING AND ROTOR-SPUN YARNS CONTAINING RECYCLED 

COTTON FIBER 
 

Çağla Deniz Şentürk1,2, Tuba Bedez Üte3 
1 Ege University Graduate School of Natural and Applied Sciences / Izmir  

2 SANKO Textile Industries/ Gaziantep 
3 Ege University, Textile Engineering Department / İzmir 

cagla.senturk@sanko.com.tr 
 
ABSTRACT 
 
Recycle fibre blended yarn and fabrics are becoming more popular and important every day due to fashion marketing 
strategies and decreasing raw material sources. So that, every producer and customer needs to evaluate products to re-
source. This study was conducted on the production of value added products like finer yarns from recycled cotton 
fibers obtained from pre-consumer textile products with acceptable quality and high recycled fiber ratios.  
 
Key Words: Recycled cotton, spinning, knitted fabric, sustainability, virgin cotton.  
 
1. INTRODUCTION 
 
Like other industries, textile industry needs to be flexible and suitable for all human demands due 
to decreasing resources and increasing human population and desires. Therefore, textile has found 
internal source as ''recycling materials'' or ''waste management''. Since the raw material sources 
decreasing and human demands are increasing all producers has started searching new 
technologies to eliminate wastes and reduce costs of production. Developments has been done with 
different raw materials and compositions to achieve similar quality compared to conventional 
qualities. Recycling is the process of converting materials from all kinds of waste to produce new 
products. Textile recycling implies the reuse and reprocessing of clothing scraps or any fibrous 
textile material. All types of consumer or industry discarded textile goods are used as textile wastes 
for recovery. It is obvious that recycling, which has evolved into sustainability over time and its 
importance has been understood even in ancient times. Recycling can be defined as re-producing 
all kinds of materials into similar or different products and can be classified as “open-loop” and 
“close-loop recycling”. It can be applied in many fields of the textiles as textile-to-textile (closed-
loop) recycling or textile-to-nontextile (open-loop) recycling (1). 
 
In this paper, pre-consumer wastes’ quality values of yarn and fabric side will be compared 
between each other and also current conventional productions. The textile recycling route can be 
classified based on the nature of the processes involved or the level of disassembly of the recovered 
materials. Fabric recycling consists in recovering and reusing of a fabric into new products (2). 
Integration of recycling may be challenging for couple of reasons such as separating wastes 
between each other, pre-treatment planning, sustainability concerns and rules.  
Researchers focused on recycling parameters and the utilization of recycled cotton fibres for 
different purposes. Lu et al. (2023) compared the characteristics of waste cotton and high-value 
products such as yarn, composites, regenerated cellulose fibers, biofuels etc. derived from waste 
cotton via mechanical, chemical, and biological recycling methods. They’ve concluded that as 
low-cost cotton and high return values can be obtained with recycling waste cotton, 
industrialization and commercialization can be achieved. The spatial water footprint of a 100% 
cotton T-shirt was investigated and compared different recycling scenarios like no recycling, 30% 
recycling, and 100% recycling were compared [4]. Bogale et al. (2023), focused on acoustics 
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insulation properties of samples made from recycled Cotton/polyester (PET) in different blend 
ratios and found that recycled/PET/cotton selvedge waste showed more than 70% of the sound 
absorption coefficient and the recycled nonwoven mats provided the best insulation, sound 
absorption, moisture absorption, and fiber properties. Özdil et al. (2023), developed functional and 
high value-added upholstery fabrics by recycled cotton/polyester blended yarns with different 
ratios. They’ve reported that fabrics containing 15% recycled cotton showed better results among 
the other flame retardant, water, and stain repellent upholstery fabrics. A new type of vacuum 
insulation panels with recycled and economical cotton fiber core was prepared by Kan et al [7]. 
Ütebay et al. (2019), reported that the recycled fibre quality and the yarn properties are associated 
with the waste fabric properties and shredding parameters. They’ve showed that the yarns 
produced from greige fabric based recycled fibres had higher tenacity and lower hairiness. Higher 
quality recycled cotton fibres can be achieved by the selection of loosely knitted greige cotton 
fabrics shredded in 3 passages with large feeding size. In their further study, 30 tex and 20 tex, 
100% cotton yarns were produced with different recycled/virgin fiber blend ratios (with a recycled 
fiber ratio more than 50%) by compact and open-end spinning systems without any chemicals 
treatment. They’ve found that yarn properties improved with the increase of virgin cotton fiber 
ratio in the yarn. The yarn hairiness and unevenness of open-end yarns were better whereas yarn 
tenacity is lower compared to compact-spun yarns [9]. 
 
2. EXPERIMENTAL 
 
This study was conducted on the production of value added products like finer yarns from recycled 
cotton fibers obtained from pre-consumer textile products with acceptable quality and high 
recycled fiber ratios. Recycled cotton fiber is expressed as Re-Co and virgin cotton fiber as V-Co. 
The Re-Co used in the study was obtained from post-consumer textile products. Ring spun and 
Open end spun yarns made with different yarn counts and Re-Co blend ratios to examine the 
difference on yarn, knit and fiber side. Experimental plan is given in Table 1. 
 

Table 1. Experimental plan 
 

Blend Ratio 
(Re-Co/V-Co) 

Spinning 
Method 

Yarn count 
(Ne) 

50/50 Ring 18/1 
Rotor 18/1 
Rotor 24/1 
Rotor 30/1 

60/40 Ring 18/1 
Rotor 18/1 

 
 
Production was made with same machines for each spinning technologies, circular knitting and 
dyeing to eliminate machine parameter differences. Physical tests of Uster Tester 6 and Tensojet 
4 results of yarns and fabrics were analysed taking into consideration of Re-Co blend ratio 
differences.   
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3. RESULTS 
 
Yarn tenacity and variation results are given in Figure 1 whereas yarn evenness and hairiness 
values are given in Table 2. 
 

 
 

Figure 1. Yarn tenacity test results. (cN/tex). 
 

According to Figure 1, yarn strength variation increased with the decrease of yarn count (Ne) and 
virgin cotton ratio in the blend. It is found that rotor spun yarns’ offer a more stable structure in 
terms of yarn tenacity. Regarding spinning system, ring-spun yarns had higher yarn evenness, yarn 
hairiness and yarn tenacity values, compared to rotor-spun yarns with the same blend ratio and 
yarn count. Among rotor-spun yarns produced with 50/50 Re-Co /V-Co fibers, finer yarns had 
higher yarn evenness, lower yarn hairiness and yarn strength values.  
 

Table 2. Yarn evenness and hairiness values. 
 

U% 13,11 11,42 11,27 12,59 13,17 11,05 

CVm 16,92 14,46 14,24 15,9 17,03 14,02 

H 9,02 5,83 4,53 3,99 9,86 5,72 

 Ne 18/1 
RI 

Ne 18/1 
OE 

Ne 24/1 
OE 

Ne 30/1 
OE 

Ne 18/1 
RI 

Ne 18/1 
OE 

 50/50 60/40 

 
Single jersey fabrics was knitted from yarns made from each blend. Machine efficiency, fabric 
quality, breakage and other raw fabric defects were examined. As a result of the controls, it was 
observed that the difference in blend ratio, yarn count or spinning technology does not affect the 
machine efficiency.  
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Table 2. Physical test results 
 

Pilling 3,50 3,50 4,00 4,00 3,00 3,50 
Bursting Strength 305 kPa 282 kPa 265 kPa 256 kPa 302 kPa 298 kPa 

 

Ne 18/1 
RI 

Ne 18/1 
OE 

Ne 24/1 
OE 

Ne 30/1 
OE 

Ne 18/1 
RI 

Ne 18/1 
OE 

 50/50 60/40 
 

Table 2 presents pilling and bursting test values for dyed finished fabrics. Pilling tests were carried 
out on a Martindale pilling device for 2000 rounds. Compared to the fabrics produced with 
conventional cotton, the test results of samples knitted with Re-Co/V-Co fibers at different blend 
ratios are acceptable and can be observed that the yarn count is more effective than the blend ratio. 
For Ne 18/1 ring yarns, when the recycle cotton ratio in the blend increases, the pilling value 
decreases by half a point. 
 
4. CONCULUSION 
 
Recycled fabrics and yarns have become the focus of current textile productions for their quality. 
In comparison to traditional cotton productions, shorter fibre length is a significant concern that 
affects finished fabric quality. Dyed fabric values impacted by fibre length are pilling and bursting, 
which have a notable impact on consumer comfort. In this study, we observed the impact of various 
blend ratios and yarn counts on finished fabric. 
The data in the tables shows that yarn technology and count have a greater impact on the finished 
fabric than blend ratio. Additionally, we observed that increasing the recycle ratio did not result in 
a significant difference in physical test results. 
 
5. REFERENCES 
 
[1] EKOLOJIST, Tekstil Geri Dönüşümü Nasıl Yapılır? [cited 01.06.2023 ]. Available on 
https://ekolojist.net/tekstil-geri-donusumu-nasil-yapilir 
[2] GERI DÖNÜŞÜM KUMAŞ REHBERI, Atilla Tekstil, [01.06.2023]. Available on 
https://atillatekstil.com/tekstil-bilgilendirme-atolyesi/geri-donusum-kumas/  
[3] LU, LINLIN, ET AL. Current recycling strategies and high-value utilization of waste 
cotton. Science of The Total Environment, 2023, 856: 158798. 
[4] CHEN, SHUANG, ET AL. A Spatial Water Footprint Assessment of Recycled Cotton T-
Shirts: Case of Local Impacts in Selected China Provinces. Sustainability, 2023, 15.1: 817. 
[5] BOGALE, MESERET, ET AL. Sound absorbing and thermal insulating properties of recycled 
cotton/polyester selvedge waste chemical bonded nonwovens. The Journal of The Textile Institute, 
2023, 114.1: 134-141. 
[6] ÖZDIL, NILGÜN, ET AL. Multifunctional Modification with TiO2, SiO2, and Flame 
Retardant Agent on Upholstery Fabrics Produced From Recycled Cotton Fibers. AATCC Journal 
of Research, 2023, 24723444221147976. 
[7] KAN, ANKANG, ET AL. Effective thermal conductivity of vacuum insulation panels 
prepared with recyclable fibrous cotton core. International Journal of Thermal Sciences, 2023, 
187: 108176. 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

329 
 

[8] ÜTEBAY, BURÇIN ET AL. Effects of cotton textile waste properties on recycled fibre 
quality. Journal of Cleaner Production, 2019. 222, 29-35. 
[9] UTEBAY, BURCIN ET AL. Valorization of fabric wastes through production of recycled 
cotton yarns by compact ring and open-end rotor spinning. Journal of Cleaner Production, 2023, 
409: 137135. 
[10] JOHNSON, SARA, ET AL. Supply chain of waste cotton recycling and reuse: A 
review. AATCC Journal of Research, 2020, 7.1_suppl: 19-31.  



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

330 
 

THE EFFECT OF DIFFERENT STRUCTURAL PARAMETERS AND 
WASHINGS ON THERMAL PROPERTIES OF DENIM FABRICS 

 
Esra Taştan Özkan1, Binnaz Kaplangiray2, Ceren Başak Bozeli3, Yasemin Sener2 

1Bitlis Eren University /Traditional Turkish Arts / Bitlis Turkey 
2 Bursa Uludag University / Textile Engineering / Bursa Turkey 

3 Iskur Denim/Kahramanmaraş/ Turkey  
etastan@beu.edu.tr 

 
ABSTRACT  
 
In this study, the thermal properties of 3/1 Z and 3/1 S twill directions of 100% cotton, %85 cotton %15 Tencel 
elastane, and %85 cotton %15 modal elastane including denim fabrics were investigated. Bleach, enzyme, rinse, and 
stone washing operations were performed on these fabrics. The results showed that the highest thermal resistance 
values were observed in rinse washed fabrics, the highest thermal conductivity values were observed in stone washed 
fabrics, and the highest thermal diffusion values were observed in bleach washed fabrics. In addition, the highest 
thermal conductivity values were observed for the cotton/modal elastane including fabrics in the Z-twill direction.  
 
Key Words: Denim, different washings, thermal properties, Tencel, Modal.  
 
1. INTRODUCTION  
 
Denim fabrics are durable and abrasion resistant fabric structures that have been developed as 
workwear in previous times. Denim fabrics are woven using 2/1 and 3/1 Z twills, which are 
generally warp-faced twill types. The warp yarn is indigo blue dyed, and the weft yarn consists of 
raw and undyed cotton yarns. The parameters that affect thermal comfort are the thermal 
resistance, thermal conductivity, air permeability, and water vapour permeability. Because denim 
fabrics have a hard structure after weaving, the appearance and comfort properties of denim fabrics 
are changed by washing, such as bleach, stone, enzyme, and rinse. Vivekanadan et al. (2011) 
investigated the warm-cool feeling of denim fabrics and declared that the washing process creates 
a feeling of coolness [1]. In a study investigating the impact of fabric structural properties on the 
thermal and air permeability features of denim fabrics, it was found that properties such as the 
fiber type, yarn structure, and fabric thickness affect the thermal comfort of denim fabrics [2]. 
Mangat et al. (2012) investigated the effect of different weft yarn and washing treatments on 
moisture management properties of denim fabrics. It was found that the overall moisture 
management values of the denim fabrics were affected by the washing treatments and weft yarns 
[3]. In another study, the influence of different softeners on the thermal and comfort features of 
stretch denim fabrics was investigated. The results demonstrated that the water vapour 
permeability values were higher when non-ionic softeners were used than both enzyme and stone 
enzyme washings [4]. The thermophysiological comfort properties of different washed cotton 
denim fabrics have been investigated in a previous study. It was found that the comfort properties 
of denim fabrics are influenced by their weight and thickness [5]. Türksoy et al. (2021) investigated 
the effects of the weft yarn type, weft density, and finishing process on the elasticity, permanent 
elongation, thickness, thermal resistance, water vapour permeability, and air permeability 
properties of different denim fabrics. It was observed that the weft yarn type, weft density, and 
finishing process have statistically significant effects on the comfort properties of denim fabrics 
[6]. 
The aim of this study is to investigate the effects of different weft yarns, twill directions, and 
washing processes on the thermal comfort properties of denim fabrics.  
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2. EXPERIMENTAL  
 
The warp yarn of the fabrics used in this study were kept constant and the weft yarns were changed. 
100% cotton elastane, 85% cotton, 15% Tencel elastane and 85% cotton and 15% modal elastane 
yarns were used in the weft direction. The fabric samples were woven in 3/1 Z and 3/1 S twill 
directions. In addition, the fabric samples were subjected to four different washing processes: 
bleach, enzyme, rinse, and stone washing. The properties of the tested samples are presented in 
Table 1. The thermal resistance, thermal conductivity, and thermal diffusion coefficient of the 
denim fabrics were measured with an Alambeta test device using the EN ISO 11092 standard (EN 
ISO 11092 standard). 
 

Table 1. Properties of denim fabrics 

Fabric  
Type 

Warp 
Yarn 
Count 
(Ne) 

Weft 
Yarn 
Count 
(Ne) 

Composition Weight 

PZB 9.97 16 %100 Cotton+ 78 Dtex Elastane 405 
PZE 9.97 16 %100 Cotton+ 78 Dtex Elastane 396 
PZR 9.97 16 %100 Cotton+ 78 Dtex Elastane 396 
PZS 9.97 16 %100 Cotton+ 78 Dtex Elastane 408 
PSB 9.97 16 %100 Cotton+ 78 Dtex Elastane 393 
PSE 9.97 16 %100 Cotton+ 78 Dtex Elastane 388 
PSR 9.97 16 %100 Cotton+ 78 Dtex Elastane 387 
PSS 9.97 16 %100 Cotton+ 78 Dtex Elastane 396 

MZB 9.97 16 %85 Cotton+ %15 Modal + 78 
Dtex Elastane 

415 

MZE 9.97 16 %85 Cotton+ %15 Modal + 78 
Dtex Elastane 

412 

MZR 9.97 16 %85 Cotton+ %15 Modal + 78 
Dtex Elastane 

411 

MZS 9.97 16 %85 Cotton+ %15 Modal + 78 
Dtex Elastane 

419 

MSB 9.97 16 %85 Cotton+ %15 Modal + 78 
Dtex Elastane 

401 

MSE 9.97 16 %85 Cotton+ %15 Modal + 78 
Dtex Elastane 

407 

MSR 9.97 16 %85 Cotton+ %15 Modal + 78 
Dtex Elastane 

402 

MSS 9.97 16 %85 Cotton+ %15 Modal + 78 
Dtex Elastane 

406 

TZB 9.97 16 %85 Cotton+ %15 Tencel + 78 
Dtex Elastane 

410 

TZE 9.97 16 %85 Cotton+ %15 Tencel + 78 
Dtex Elastane 

412 

TZR 9.97 16 %85 Cotton+ %15 Tencel + 78 
Dtex Elastane 

411 

TZS 9.97 16 %85 Cotton+ %15 Tencel + 78 
Dtex Elastane 

418 
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TSB 9.97 16 %85 Cotton+ %15 Tencel + 78 
Dtex Elastane 

403 

TSE 9.97 16 %85 Cotton+ %15 Tencel + 78 
Dtex Elastane 

376 

TSR 9.97 16 %85 Cotton+ %15 Tencel + 78 
Dtex Elastane 

397 

TSS 9.97 16 %85 Cotton+ %15 Tencel + 78 
Dtex Elastane 

403 

*B= bleach washing, E=enzyme washing, R= rinse washing, S=stone washing, Z= twill direction 
Z and S= twill direction S. 
 
 
3. RESULTS AND DISCUSSION  
 
3.1. Thermal Resistance  
 
The thermal resistances of the fabrics are shown in Figure 1. The highest thermal resistance was 
observed in the case of rinse washing for all fabrics, regardless of the weft yarn type and the lowest 
thermal resistances were measured under enzyme washing conditions. The thermal resistance 
properties of the S-twill fabrics were found to be higher than those of the Z- twill fabrics in 
cotton/modal elastane weft yarn woven fabrics. Similar to 100% cotton, the lowest thermal 
resistance was measured when enzyme washing was used in cotton/modal elastane weft woven 
fabrics. Unlike the other two types, the Z-twill fabrics showed higher thermal resistance values 
than the S-twill fabrics in the cotton/Tencel elastane woven fabrics. In a previous study, when 
Tencel fiber was mixed with modal, it was observed that the thermal resistance was higher than 
that of fabrics produced from 100% cotton fiber [7]. In this study, the thermal resistance of the Z-
twill fabrics with 85% cotton and 15% Tencel elastane enzyme washing and stone washing 
processes was higher than that of the Z-twill fabrics with 100% cotton elastane enzyme and stone 
washing. 
 

 
Figure 1. Thermal resistance of fabrics 
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3.2. Thermal Conductivity 
 
The thermal conductivity of a textile structure is a measure of its capability to conduct heat. The 
thermal conductivities of the fabrics are shown in Figure 2. When the thermal conductivity values 
of the fabrics were compared, the highest thermal conductivity value was obtained for the MZS 
coded cotton/modal elastane stone washed fabric and the lowest thermal conductivity value was 
observed for PZR coded 100% cotton rinse washed fabric. The lowest thermal conductivity values 
were observed for the rinse washed fabrics, and the highest thermal conductivity values were 
observed for the stone washed fabrics. In a previous study, it was observed that bleaching and 
softening treatments decreased thermal conductivity [8]. In contrast, the lowest thermal 
conductivity values were observed for the rinse washed fabrics in this study. In addition, the 
thermal conductivity values of cotton/ modal elastane woven fabrics were higher than those of the 
other fabrics.  
 

 
Figure 2. Thermal conductivity of fabrics 

 
3.3. Thermal Diffusion  
 
Thermal diffusion is a thermal property related to the heat flow from the fabric structure. The 
thermal diffusions of the fabrics are shown in Figure 3. In a previous study, the thermal diffusion 
of knitted fabrics made of Tencel yarn was higher than that of fabrics knitted with cotton yarn [9]. 
The highest thermal diffusion coefficient was observed for the TSB coded cotton/Tencel elastane 
S-twill bleach washed fabric, and the lowest thermal coefficient for the MSB coded cotton/modal 
elastane S-twill direction bleach washed fabric. The lowest thermal diffusion coefficient was 
observed for the rinsed washed fabrics, and the highest thermal diffusion coefficient was observed 
for the bleach washed fabrics (except for MSB). It can be concluded that rinse washing reduces 
the thermal diffusion value of fabrics, while bleaching increases this value.  
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Figure 3. Thermal diffusion of fabrics 

 
4. CONCLUSION 
 
The results showed that the highest thermal resistance values were observed for the rinse washed 
fabrics, and the lowest thermal resistance values were observed for the enzyme washed fabrics. 
The highest thermal conductivity values were observed for fabrics in cotton/modal elastane weft 
yarn woven fabrics in the Z- twill direction. In addition, the twill direction only affected the thermal 
conductivity of the fabrics, and the Z-twill fabrics had higher thermal conductivities. The lowest 
thermal conductivity values were observed for the rinse washed fabrics, and the highest thermal 
conductivity values were observed for the stone washed fabrics. The lowest thermal diffusion 
coefficients were measured for rinse washed fabrics, and the highest thermal diffusion coefficients 
were measured in bleach washed fabrics (except MSB).  
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ABSTRACT  
 
Thermal comfort is defined as feeling comfortable in the environment and activity conditions of a person. In this study, 
wear trials of tight garments (with and without PCM) used in sports activities in outdoor conditions were conducted 
under three different ambient and activity conditions. The results showed that the PCM-containing tight samples 
measured higher temperatures in the after exercise period (except for slightly cold 16 C°). As the ambient temperature 
increased, the surface temperature of the tight garment increased and F5 coded tight with the highest thermal resistance 
value measured subjectively highest temperature and the lowest hand value.  
 
Key Words: Tight garments, thermal imaging, PCM, subjective comfort. 
 
1. INTRODUCTION  
 
The thermal comfort of humans changes the metabolic rate (internal heat production), heat loss 
from the body, and climatic conditions. The main task of clothes is to ensure the continuity of 
thermal balance by balancing the heat and moisture losses on the skin surface. Phase change 
materials (PCM) are materials that provide storage at a constant temperature range and can be used 
for both heating and cooling depending on the melting temperature [1]. PCM has a very high ability 
to store high levels of energy during melting or solidification, and it has a structure that can release 
the stored energy [2]. PCMs are generally used by encapsulating very small microspheres. Thus, 
both ease of use and controlled release were ensured. Currently, phase change materials in textiles 
are mainly designed to produce temperature-regulating products in order to achieve improved 
thermal comfort [3]. The parameters that are important for microcapsules are the diameter of the 
capsule, the thinness of the capsule shell, its heat conduction property, and its adaptation to 
volumetric changes [4]. The microcapsule with PCM should control the heat passing through the 
textile material [5]. Fibers or fabrics containing PCM can be widely used in daily wear products 
such as coats, gloves, berets, underwear, and products with significant protective effects such as 
diving suits and ski suits [6]. Many factors must be taken into account when selecting the 
convenient PCM for protective clothing in order to reach the ideal thermal insulation and 
regulation effect. Pause (1995) pointed out that the choice of PCM for a particular field of 
application depends on the phase transition temperature, which must be equal to the temperature 
range in which the heat flow through the material must be delayed [7]. The heat exchange that 
occurs during phase change provides thermal protection by allowing users to store and dissipate 
heat to resist environmental thermal influences, thereby allowing users to interact with clothing 
[8,9]. Güler and Kut (2011) obtained microcapsules by embedding fatty acid eutectic mixtures into 
the natural polymeric gelatin-gum arabic shell material using the complex coacervation method in 
order to provide temperature regulation in curtain fabrics. It was observed that the thermal comfort 
of the environment improved by 0.5-1.5 ºC after the materials used in capsule production were 
transferred to the fabric [10]. 
 
The present study, it was aimed to improve the thermal comfort of tight garments, which have a 
wide range of uses from sports to daily activities, in slightly cold to slightly warm ambient 
conditions. Also, it was measured the subjective comfort sensations of tight garments depended on 
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the temperature changes in the ambient conditions by applying phase change materials to these 
fabric structures. 
 
2. EXPERIMENTAL 
 
In this study, five fabric structures suitable for the production of tights, which weight values are 
close to each other, were supplied by a manufacturer. The fabrics’ specifications were shown in 
Table 1. Before applying the phase change material to the fabrics, enzymatic hydrophilization, 
dyeing with reactive dyestuff, softener application, and drying processes were applied. In this 
study, a phase change material containing paraffin at a concentration of 200 g/l was used (Ruco-
Therm PCM 28) and this material was transferred to the fabric according to the impregnation 
method in fluard. While preparing the solution, sodium bicarbonate (soda) was added to the 
solution to make the pH alkaline, and the pH value was kept around 10. In addition, while preparing 
the solution, attention was paid to ensure that the temperature of the water used did not exceed 40 
C°. Alambeta test device used for thermal resistance measurements of fabrics. Tight garments were 
sewn from without PCM and PCM included fabrics (Table 1) and wear trials were carried out with 
10 female subjects whose height (165±5 cm) and weight (60±5 kg) measurements were close to 
each other in a predetermined training program on a treadmill. The Ethics Committee of Uludag 
University approved this study.  The wear trial consists of three periods: before exercise, after 
exercise, and post-rest. A digital infrared camera was used and thermal images of the subjects were 
taken during three activity conditions (Testo 882, 320x 240 pixels, thermal sensitivity < 50 mK). 
The infrared emissivity of the skin was adjusted to 0.98. At the start of the test,  the subjects put 
on the tight samples and rested for 10 min under laboratory conditions to adapt themselves to the 
experimental environment. The participants wore the same shoes, socks, and underwear in each 
trial. The tripod of the thermal camera was placed 1m away from the treadmill for thermal images. 
Thermal photographs of the subjects were taken under three different temperature conditions (16 
°C slightly cold, 20 °C room temperature, and 25 °C slightly warm)  during three activity periods.  

Table 1. Fabrics used in the experiments 

Fabric 
Code 

Knit Yarn Composition 
Pus/ 
Fein 

Weight 
(g/m2) 

Thermal 
Resistance 
(K.m2 /W) 

Yarn 
Report 

F1 
S. Jersey 

 

- Ne 28/1 Compact Combed 
Cotton, 
- 60 dtex Elastane 
 % 90 Cotton - %10 Elastane 

26''28 269.4 

 
10. 66 Cotton+ 

Elastan 

F2 
Doube 
Face 

Jersey  
 

- Ne 40/1 Compact Combed 
Cotton 
- 75/72 Denye Textured 
Punted PES    
-78 dtex Elastane 
%58 Cotton -%30 PES %12 
Elastane 

30''20 281.54 

 
 
 
 

10.12 

Front Face: 
Cotton 

 
Back Face: 

Cotton/ 
PES+Elasta

ne 

F3 

-100/96 Denier Ecru Low 
Punted Textured PES    
- Ne 40/1 Compact Combed 
Cotton  
-78 dtex Elastane 

30''20 279.38 

 
 
 

9.68 

Front Face: 
PES 

 
Back Face: 

Cotton+ 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

338 
 

 
In addition, subjective evaluation scales were used for measure the subjective hot-cold sensation 
and subjective hand value of the fabrics. Five-point Likert scales were used the subjective thermal 
and hand sensations (Table 2). The rating of perception was reported by the subjects at each 
scheduled time before exercise, after-exercise and post-rest periods. 
 

Table 2. Five-point Likert scale for subjective sensations and an example of thermal image with tight sample 
 

Hot-Cold 
Sensation 

  Subjective 
Hand  

Subjective Weight  Hardness-   
Softness 
Sensation 

Thermal Image of 
Tight Sample 

1 Cold 1 Very bad 1 Very 
light 

1 Very 
hard 

 

2 Cool 2 Bad  2 Light 2 Hard 
3 Neutral  3 Medium 3 Medium 3 Mediu

m 
4 Slightly 

Warm 
4 Good 4 Heavy 4 Soft  

5 Hot 5 Very good 5 Very 
heavy 

5 Very 
soft  

 
3. RESULTS AND DISCUSSION  
 
3.1. Thermal Image Evaluations of Tight Surface at 16 °C Ambient Conditions 
 
The purpose of using microencapsulated phase change materials in textiles is to arrange the heat 
flow in the textile structure and act as an active thermal insulation layer formed around the 
structure. At this temperature and under three different activity conditions, the temperatures of the 
tights with and without PCM were measured between 30-31.5 °C (Figure 1) and the temperature 
values post-rest period were higher than those in other periods. This may be due to the energy 
expenditure of the body to prevent a decrease in the skin surface temperature in an inactive state 
because the ambient temperature is below the normal conditions. When the temperature values of 
fabrics with and without PCM were compared in the before exercise condition, it was observed 
that the temperature values were almost equal, except for the two fabric types (F2 and F3). Because 

 %48 PES- %41 Cotton- 
%11 Elastane 

Elastane 

F4 

-100/96 Denier Ecru 
Textured Low Punted PES 
- Ne 38/1 % 88/12 Ring 
Polyester / Wool 
-78 dtex Elastane 
%49 PES -%40 PES+Wool-  
%11 Elastane 

30''20 326.4 

 
 
 

11.02 

Front Face: 
PES 

 
Back Face: 
PES/Wool+ 

Elastane 

F5 
Gimped 
Punto Di 
Roma 

-Ne 30/1,  % 50/50 Combed 
Cotton/Polyester      
-75/36+40 Denye Ecru 
PES/Elastane  
 % 70 Cotton/PES - %30 
PES/ Elastane 

34''20 253.72 

 
14.74 

1.Yarn: 
Cotton 
/PES 

2.Yarn: 
PES/Elastan

e 
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the PCM material is activated with temperature change, in this case the ambient condition is 
constant at 16 °C and there is no activity, it is expected that the temperature values of the fabrics 
with and without PCM are close. When the after exercise temperature values were compared, it 
can be said that the use of PCM in all fabric structures caused an increase in the maximum surface 
temperatures of the tights (except F1). Because the material changes phase with activity and 
because the environment has a low temperature value, it increases the surface temperature of the 
garment.  
 
3.2. Thermal Image Evaluations of Tight Surface at 20 °C Ambient Conditions 
 
The average of the ten subjects’ maximum surface temperature values of tight garments at 20 °C 
ambient conditions is shown in Figure 2. At this temperature and under three different activity 
conditions, the temperatures of the tights with and without PCM were measured between 29-32 
°C. The highest temperature values were measured under the after exercise condition. This is 
expected because with an increase in activity, an increase in body temperature also occurs. Because 
the ambient temperature is close to 21°C where the fabric tests were performed, test garments 
exhibit a different attitude than it is 16 °C in the post-rest state. The maximum surface temperature 
values of the tights containing PCM after exercise and post-rest were higher than those without 
PCM. Because the ambient temperature is not high, the phase change material is activated with an 
increase in activity and increases the maximum surface temperature value of the garment. It can 
be said that the reason for the high maximum surface temperatures of the tights (F2, F3, and F4) 
produced from the double face jersey knit containing phase-change material in the before exercise 
state is due to the knitting structure. Because these fabrics are produced double-face and the fabric 
weights are higher than those of the other two fabrics. Considering the effect of thermal resistance 
values on the surface temperature values, the highest surface temperatures were measured for the 
F5 coded fabric, which had the highest thermal resistance value, at the post rest activity condition 
both without PCM and PCM included fabrics.  

 
Figure 1. Maximum surface temperature values of tights garments at 16 °C ambient temperature 
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Figure 2. Maximum surface temperature values of tights garments at 20 °C ambient temperature 
 
3.3. Thermal Image Evaluations of Tight Surface at 25 °C Ambient Conditions 
 
At this temperature and under three different activity conditions, the temperatures of the tights 
with and without the PCM were measured between 30-33 °C (Figure 3). Owing to the increase in 
ambient temperature, a high measurement of the maximum surface temperature of the tight 
garments was observed. It can be said that the highest temperature values were measured after 
exercise period, as at 20 °C ambient condition. The body temperature increased with an increase 
in activity, and the PCM material was activated, thereby increasing the maximum surface 
temperature of the tights. Because the ambient temperature was not very high here, PCM was 
activated again to increase the surface temperature of the garment. When the after exercise data 
were compared, the temperature of the untreated fabric with F1 coded cotton elastane single jersey 
knit was higher than that of the material containing PCM. When fabrics with and without PCM 
were compared at before exercise period, the surface temperatures of tights containing PCM were 
found to be higher than those without PCM (except for F5). When the post-rest period was 
examined, it was observed that the thermal camera surface temperature values of the fabrics 
containing PCM were higher than those without PCM in all tight samples (except F5). In this 
activity section, the highest temperature values were observed in the tights made from the F1 coded 
cotton single jersey fabric sample. 
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Figure 3. Maximum surface temperature values of tights garments at 25 °C ambient temperature 

 
4. SUBJECTIVE COMFORT EVALUATIONS 
 
4.1. Hot-Cold Sensation 
 
In the activity sections defined as before exercise, after exercise, and post-rest, the subjects were 
asked to evaluate the sensation of hot-cold with the help of the five point Likert scale. In Figure 
4a, a radar graphic representation of the averages of the responses given by the subjects under three 
different environmental conditions is shown. It was observed that the F5 coded fabric, which had 
the highest thermal resistance value, was measured at higher temperature values in all temperatures 
and activity sections. It was observed that the F3 coded fabric, which had the lowest thermal 
resistance value, was generally perceived as having lower temperatures under all activity and 
ambient conditions. 
 
4.2. Subjective Hand Value  
 
The fabric hand is defined as a feeling that occurs when the fabric is in contact with the body 
surface; in particular the fabric hand value is evaluated using the fingers. In the activity sections 
defined as before exercise, after exercise, and post-rest, the subjects were asked to evaluate the 
fabric’s subjective hand perception with the help of the scale used. In Figure 4b, a radar graphic 
representation of the averages of the responses given by the subjects in three different 
environmental conditions was given. The highest fabric handle value was seen in the fabric 
produced with cotton elastane yarn single jersey knitted F1 coded fabric. The lowest fabric handle 
value was measured in the fabric sample containing the gimped yarn with the F5 code, which had 
the highest thermal resistance value. In general, the fabric handle values of all the fabrics were in 
the range of 3-4 values. In other words, the subjective hand values of all the fabric samples varied 
between moderate and good. 
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Figure 4.  The average of ten subjects a)  hot-cold sensations b) subjective hand evaluation 

 
5. CONCLUSIONS  

The results showed that the surface temperature of the tight was higher in fabrics with and without 
the PCM, as the ambient temperature increased. In addition, the highest tight surface temperatures 
were measured in the after exercise period, except for the tests performed at 16 °C, which was 
defined as slightly cold. F5 coded tight with the highest thermal resistance value measured 
subjectively at the highest temperature and lowest hand value. The tight made of F1 coded cotton 
single jersey fabric had the highest fabric handle value. 

ACKNOLEDGEMENTS 
 
This work was supported by Uludag University (Project Number: FGA-2021-632). 
 
6. REFERENCES 
 
[1] TÖZÜM, S., DEMIRBAĞ, S., AKSO, A.S. Investıgatıon of Thermoregulatıon Propertıes of 
the Heat Storıng Mıcrocapsule Applıed Fabrıcs.  Textile and Engineer, 2011, Vol. 84, pp 8-14. 
[2] CHAPMAN, R. Development in smart fabrics. United Kingdom: Edited: Pira International 
Ltd., 2006.  
[3] KURU, A., ALAY AKSOY S. Phase Change Materials and Their Textile Applications. Textile 
and Engineer, 2012, Vol. 19, No.86, pp 41-48. 
[4] ÇIMEN, E. Mikrokapsülleme Yöntemiyle Dokuma Kumaşlara Yeni Özellikler Katma 
Olanakları, İstanbul Teknik Üniversitesi, Fen Bilimleri Enstitüsü İstanbul, 2007.  
[5] DEVECI, Ş., Mikrokapsüllenmiş Faz Değiştiricilerin ve Özel Liflerin Elastik Bandajların 
Konfor Özelliklerinin İyileştirilmesinde Kullanımı, Ege Üniversitesi, Fen Bilimleri Enstitüsü, 
Yüksek Lisans Tezi, İzmir, 2009. 
[6] NELSON, G. Application of Microencapsulation in Textiles. International Journal of 
Pharmaceutics, 2002, Vol. 242, pp 55–61. 
[7] PAUSE, B. Development of Heat and Cold Insulating Membrane Structures with Phase Change 
Materials.  Journal of Coated Fabrics, 1995, Vol. 25, No. 7, pp 59-64. 
[8] BOAN, Y., Physical Mechanism and Charactarization of Smart Thermal Clothing. The Hong 
Kong Polytechnic University, PhD Thesis, 2005.  
[9] MATTILA, H.R. Intelligent Textiles and Clothing, Woodhead Publishing Limited,The Textile 
Institute, Cambridge, England, 2006.  

0
1
2
3
4

Pre-exercise…

Post-exercise…

Post-rest 16 ºC

Pre-exercise…

Post-exercise…Post-rest 20 ºC

Pre-exercise…

Post-exercise…

Post-rest 25 ºC

Hot-Cold  Sensation 

F1 F2 F3 F4 F5

0
2
4
6

Pre-exercise 16 ºC

Post-exercise 16 ºC

Post-rest 16 ºC

Pre-exercise 20 ºC

Post-exercise 20 ºCPost-rest 20 ºC

Pre-exercise 25 ºC

Post-exercise 25 ºC

Post-rest 25 ºC

Subjective Hand Value

F1 F2 F3 F4 F5



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

343 
 

[10] GÜLER, Z., KUT, D. Preparatıon and Application of Microcapsules For Thermal Regulating 
Polyester Curtain. Uludağ Üniversitesi Mühendislik-Mimarlık Fakültesi Dergisi, 2011, Vol. 16, 
No. 1, pp 105-115.  



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

344 
 

A HYDROGEL/TEXTILE BASED ACTUATOR FOR SOFT ROBOTIC 
APPLICATIONS 

 
Aylin Tokyürek, Güldemet Başal  

Ege University, Department of Textile Engineering, Bornova, İZMİR  
aylintokyurek@gmail.com  

 
ABSTRACT 
  
The growing interest in smart textiles for soft robotics stems from textiles' advantages over traditional materials in 
wearable robots. However, meeting the demand for better soft and wearable robots requires integrating soft actuators, 
which respond to various stimuli and are mostly made from hydrogels. These soft actuators often lack the necessary 
toughness and flexibility for effective use in soft robotics. Thus, our study combines PEGDA hydrogel with silk and 
polyester fabric to create a humidity-responsive smart composite material aimed at addressing this challenge in soft 
robotics. 
 
Key Words: Smart textiles, moisture-responsive fabric, soft actuator, hydrogel, silk fabric 
 
1. INTRODUCTION 
 
"Soft robotics" refers to a subfield of robotics that focuses on designing and constructing robots 
using flexible and deformable materials. These robots are often inspired by the natural movements 
and structures of living organisms, and they offer several advantages over traditional rigid robots, 
particularly in terms of adaptability, safety, and interaction with humans [1]. 

Recently, there's been a growing interest in creating smart textiles for use in soft robotics [2]. This 
shift is because textiles have many advantages over the usual materials like hard metals, 
composites, and plastics used in wearable robots [3,4]. However, to meet the increasing demand 
for better soft and wearable robots, we also need to incorporate soft actuators. 

Soft actuators are flexible parts that respond to external inputs to produce the desired movements 
and forces [5]. Currently, most soft actuators are made from special hydrogels that can change 
shape when you apply external forces [5,6]. There are several options to control hydrogel-based 
soft actuators because they can respond to various stimuli. Depending on the input stimulus, a 
hydrogel-based actuator can be classified into six groups: thermally responsive actuators, 
chemically responsive actuators, optically responsive actuators, electrically responsive actuators, 
magnetically responsive actuators, hydraulically responsive actuators[7].  

Thermally Responsive Actuators: Thermally responsive hydrogel actuators change their volume 
in reaction to changes in the surrounding temperature. These actuators selectively react to a 
specific temperature range to cause significant deformations. A wide range of applications is 
possible with these actuators since their critical temperature range can be altered.  

Chemically responsive actuators: Chemically responsive hydrogel actuators change their volume 
in response to chemical stimuli. These hydrogels have the ability to directly translate the chemical 
potential of the environment into mechanical motion. 

Optically responsive actuators: Optically responsive hydrogel actuators change their volume or 
shape in response to light irradiation. These actuators can selectively respond to light of certain 
wavelengths. Furthermore, they do not need a physical connection for energy transfer.  

Electrically responsive actuators: Electrically responsive hydrogel actuators change their volume 
or shape in response to electric stimuli. 
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Magnetically responsive actuators: Magnetically responsive hydrogel actuators change their 
volume in response to an external magnetic field. 

Hydraulically responsive actuators: Hydraulically responsive hydrogel actuators change their 
shape changes in response to hydraulic pressure [7]. 

However, these soft actuators often lack the toughness, flexibility, and stretchiness needed for 
effective use in soft robotics. So, there's a clear need for further development of soft actuators that 
can meet the tough requirements of soft robotics. 

In this study, we aimed to address this issue by combining PEGDA hydrogel with silk and polyester 
fabric, creating a humidity-responsive smart composite material designed for use in soft robotics. 

Poly(ethylene glycol) (PEG) is a widely known polymer that finds application in numerous 
biomedical applications due to its hydrophilic nature, water solubility, and high biocompatibility 
[8]. PEGDA, a derivative of PEG, is obtained by replacing two hydroxyl end groups on PEG diol 
with acrylates. PEGDA is well-known for its biological inertness and ease of photo-polymerization 
[9].  

Textile fabrics are two-dimensional plane-like structures formed of textile materials that have 
acceptable strength, elongation, and flexibility [10]. Textile fabrics are traditionally used for 
apparel and home furnishing production, but they have also several technical application areas 
such as filtering, wound dressing, composite, tire cord, etc. In this study, woven fabrics made from 
silk and polyester fibers were used to create composite structures. Silk was selected for its 
hydrophilic properties, while polyester was selected for its hydrophobic properties. 

In the first part of this study, PEGDA hydrogels were produced using the photopolymerization 
process. To create stable hydrogels, various PEGDA concentration rates and photoinitiator types 
were applied. Following hydrogel production, fabrics were treated with hydrogel solutions. 
Finally, the water absorption capacity and humidity response properties of hydrogel-treated fabrics 
were determined.    

2. EXPERIMENTAL 
 
2.1. Materials  
 
Poly(ethylene glycol) diacrylate (PEGDA) (Mw= 575 )and photoinitiators: HOMPP   and Irgacure 
2959 were purchased from Sigma Aldrich. Ethanol (≥ 99.9%) and distilled water were used as 
solvents.  
 
The plain weave silk fabric (35 g/m²) was obtained from Mert İpek Factory, and the plain weave 
polyester fabric (35 g/m²) was supplied from Dokumacı İthalat İhracat ve Tekstil San. Ltd. 
 
2.2. Methods 
 
Initially, an optimization study was conducted to identify the most suitable solution and process 
parameters required for the synthesis of PEGDA hydrogel. Based on the results obtained from this 
preliminary investigation, a mixture was prepared, consisting of 2230 µl of PEGDA, 1385 µl of 
water, and 1385 µl of ethanol. This mixture was then vigorously stirred at a speed of 950 rpm for 
a duration of 90 minutes. Subsequently, 232 µl of HOMPP was introduced into the solution, and 
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the resulting mixture was further agitated for an additional 90 minutes, all of which was carried 
out in the dark. 
 
To compare the performance of HOMPP and Irgacure 2959 photoinitiators, another solution was 
prepared using Irgacure 2959. This solution consisted of 0.25 gr of Irgacure 2959, 1385 µl of water, 
and 1385 µl of ethanol, which were mixed at a speed of 950 for 90 minutes. Following this, 232 
µl of PEGDA was added to the mixture, and it was stirred for an additional 90 minutes in the dark. 
Table 1 shows the constituents of hydrogel solutions. 

 

Table 1. Experimental  parameters 

Experiments PEGDA(µl) Photoinitiators Water(µl) Ethanol(µl) Time(min) 

1 2230  HOMPP 232 µl 1385  1385  180  

2 2230 
Irgacure 2959 

0,25 gr 
1617  1385  180  

 
 
After the hydrogel preparation, both silk fabric and polyester fabrics were cut into dimensions of 
2.5cm x 2cm.  Then a 25 µl hydrogel solution was applied to fabrics. The fabrics were then exposed 
to UV light using a CN-6 device emitting light at a wavelength of 365 nm for a duration of 5 
minutes. Subsequently, any insoluble residues were removed by washing the fabrics with water 
over a span of 4 days. Following the washing process, the fabrics were subjected to drying in an 
oven at 40 °C for a duration of 24 hours. 
 
The swelling ratio (SR) of the hydrogel-treated fabrics was determined as below: Eq.(1) 
 

SR୲ =
୵-୵ౚ

୵ౚ
*100 (1) 

 
Ws: Swollen hydrogel- treated fabric  (g);  Wd: dried hydrogel- treated fabric  (g) 
 
The response of the hydrogel-treated fabric to humidity was tested by applying water to the fabric 
and observing its response. 
 
3. RESULTS 

Table 2 shows the water absorption behaviors of hydrogel-treated fabrics during 2 hour period. 
The weight of silk and polyester fabrics increased when HOMPP was used as a photoinitiator in 
the first 15 minutes, followed by a decrease in the 30th minute. Subsequently, the weight of the 
silk fabric increased once more in the first hour and remained stable. On the other hand, the weight 
of the polyester fabric also increased again in the first hour but then decreased in the second hour. 
 
When Irgacure 2959 was used as a photoinitiator, both silk and polyester fabrics showed an initial 
weight increase within the first 5 minutes, followed by a decrease in the 15th minute. Notably, at 
the 30th minute, the weight of the silk fabric continued to decrease, while the weight of the 
polyester fabric increased. Beyond this point, the weight of the polyester fabric stabilized after 30 
minutes, while the weight of the silk fabric exhibited another increase and subsequent stabilization 
in the first hour. 
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Table 2. Water absorption of hydrogel-treated fabrics at different time periods 

Photoinitiat
or Type 

Fabric 
Type 

Fabric Weight (g)   

5min. 15 min. 
30 

min. 
1 

hour 2 hours 
HOMPP Silk 0,1321 

 
0,1405 

 
0,129

5 
 

0,137
9 
 

0,1373 

HOMPP Polyester 0,1438 
 

0,1472 
 

0,145
2 
 

0,154
8 
 

0,1438 
 

Irgacure 
2959 

Silk 0,0447 
 

0,0438 
 

0,038
7 
 

0,042
4 
 

0,0423 
 

Irgacure 
2959 

Polyester 0,0601 
 

0,0575 
 

0,061
0 
 

0,060
6 
 

0,0602 
 

 
Figure 1 illustrates the swelling ratios of hydrogel-treated fabrics using different types of 
photoinitiators. It is evident that silk fabric exhibited a higher swelling ratio in comparison to 
polyester fabric for both photoinitiators. This difference can be attributed to the inherently 
hydrophilic nature of silk fibers. Additionally, it was observed that when HOMPP was employed 
as the photoinitiator, the swelling ratio was higher in comparison to the use of Irgacure 2959. 
 

 
 

Figure 1. Swelling Ratios (%) of fabrics 
 

 
To observe the response of hydrogel-treated fabrics to water, a drop of water was poured onto the 
fabric. As the hydrogel on the fabric dehydrated, it shrunk and pulled the fabric along its path of 
least resistance. Rehydration of the fabric caused the swelling of the hydrogel, which in turn caused 
the fabric to change its shape. Figure 2  shows a silk fabric that has been treated with a hydrogel 
solution using HOMPP as a photoinitiator. After a water droplet was applied, the curled fabric 
became flat within 10 seconds. 
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Figure 2. The humidity-responsive actuation of silk fabric treated with a hydrogel solution using HOMPP as a 
photoinitiator. a. Dehydrated fabric; b.Rehydrated fabric 

 
The polyester fabric in Figure 3 was treated with the same hydrogel as the silk fabric in Figure 2.  
However, the polyester fabric became flat within 4 seconds. After drying, these fabrics returned to 
their original shapes. 
 

 
 

Figure 3. The humidity-responsive actuation of hydrogel-applied polyester fabric treated with a hydrogel solution 
using HOMPP as a photoinitiator.  a. Dehydrated fabric; b.Rehydrated fabric 

 
Figure 4 shows a silk fabric that has been treated with a hydrogel solution using Irgacure 2959 as 
a photoinitiator. The dry, curled fabric flattened within 1 second after a water droplet was applied, 
and returned to its original curled form after 1 second. 
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Figure 4. The humidity-responsive actuation of silk fabric treated with a hydrogel solution using Irgacure 2959 as a 

photoinitiator .a. Dehydrated fabric; b-c-d.Rehydrated fabric 

 
Figure 5 illustrates a polyester fabric that has been treated with a hydrogel solution using Irgacure 
2959 as a photoinitiator. Similar to the silk fabric in Figure 4, the polyester fabric flattened upon 
application of a water droplet and curled again in 1 second. 
 

 
 

Figure 5. The humidity-responsive actuation of polyester fabric treated with a hydrogel solution using Irgacure 2959 
as a photoinitiator a. Dehydrated fabric; b.Rehydrated fabric 

 
4. CONCLUSION  

Smart textiles are increasingly being utilized as actuators in the field of soft robotics. These textiles 
are engineered with materials that can change shape, stiffness, or conductivity in response to 
various stimuli such as humidity or temperature. In this study, a hydrogel textile composite was 
produced to use as an actuator in soft robotic applications. Initial results showed that hydrogel 
textile composite response to humidity.   Presently, ongoing research is focused on examining the 
influence of hydrogel amount and application pattern on the shape change response of fabrics. 
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ABSTRACT 
 
In this study, it is aimed to coat polyacrylonitrile (PAN) stripswith nanofibers by electrospinning. Coating the PAN 
strip with nanofiber is the process of applying nanometer scale fibers to the surface of the strip. In the experimental 
study, the concentration of the polymer solution (PAN/DMF), voltage, flow rate, etc. parameters are optimized. Firstly, 
the nanofiber coating was studied depending on the time. Then, the PAN strip was twisted during coating. The 
properties of coated nanofiber strips such as distribution of nanofibers, bead formation, diameter of nanofibers, 
porosity and uniformity of nanofibers by scanning electron microscopy exanimated in this study. 
 
Key Words: Polyacrylonitrile strip, nanofiber, electrospinning, coating, hybrid yarn 
 
1. INTRODUCTION 
 
The nanofibers are ultrafine fibers with diameters typically ranging from a few nanometers to 
several hundred nanometers. These fibers are produced through various techniques that allow the 
manipulation of materials at the nanoscale level, resulting in unique properties due to their small 
size and high surface area-to-volume ratio. Small size imparts exceptional properties to nanofibers, 
allowing them to exhibit behavior distinct from their larger counterparts. High surface area makes 
them attractive for applications where increased surface interactions are desirable, such as in 
filtration, sensing, catalysis and energy storage, tissue engineering, drug delivery, water treatment, 
electrodes in fuel cells, lithium-ion batteries, etc. [1-7]. These applications are largely caused by 
their high surface area-to-volume ratio, scalable porosity, and low density [1, 8]. 
 
Over the past decade, a range of techniques has been for the production nanofibers. One of them 
is electrospinning method thanks to its simples etup, low cost, and the ability to generate various 
types of fibers [9]. The electrospinning basically consists of three basic parts: needle, collector and 
high voltage power supply. This process is effected by different parameters: polymer solution 
(viscosity, molecular weight, concentration, electrical conductivity, surface tension, dielectric 
constant), processing condition (flow rate of the solution, applied voltage, type of the collector, 
needle tip to collector distance), and environmental parameter (temperature and humidity) [2, 10]. 
 
Recently, it has been seen that nanofibers produced by electrospinning method are combined with 
fiber stripes, filament yarn, and spun yarn to produce composite nanofiber yarns. The first stage of 
yarn preparation is the parallel orientation of the filament fibers in the sliver. The next step is to 
twist the filament bundle. In this way, it is aimed to increase the adhesion and friction force 
between the fibers. The use of nanofibers at these stages improves the mechanical properties of 
traditional yarns [1, 11]. Hence, new composite nanofiber yarns have great potential for 
applications in many fields. 
 
Yuhang Wanh [1] classified research and development studies on composite nanofiber yarns as 
core-spun yarn [12-20], ultralow proportion nanofiber composite yarns [21-23], and multi-
component nanofiber yarns [24, 25]. Literature research concerning core-spun yarns generally 
speaks of a yarn with a core-shell configuration. The outer layer is comprised of nanofibers with 
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an extensive surface area and openness. The core layer is either a filament or yarn, 
featuring mechanical features and flexibility, and is able to enhance the mechanical strength of the 
nanofiber yarn. In the literature studies of the second type, the process begins with electrospinning 
technology, where nanofibers are deposited onto a microfiber web. Subsequently, traditional 
spinning techniques like drawing, roving, and spinning are used to transform this combination into 
micro-nano composite yarns. This approach is known for its exceptional efficiency in yarn 
preparation, ensuring a consistent dispersion of nanofibers and the production of composite yarns 
with high strength and multiple functionalities. The literature studies of the last type have achieved 
the synthesis of multi-component nanofiber composite yarns through the combination of functional 
electrospinning fiber preparation technology and a yarn preparation device, which satisfy the 
requirements of multifunctional nanofiber yarns. 
 
In this study, firstly, the electrospinning parameters in the production of polyacrylonitrile (PAN) 
nanofibers were optimized. Then, PAN nanofibers produced by electrospinning were deposited on 
the surface of the PAN strip. The coating time was optimized for nanofiber coating on the strips. 
The strip was then twisted during nanofiber coating. Finally, the surface morphology of the 
nanofiber coating analyzed by scanning electron microscopy. In these analyzes examined 
parameters such as distribution, bead formation, nanofiber diameter, porosity and uniformity of 
nanofibers. 
 
2. EXPERIMENTAL 
 
2.1 Materials 
 
The polyacrylonitrile polymer (PAN, Mw: 150,000 g/mol) used in the study was obtained from 
Aksa Akrilik Kimya Sanayii A.Ş. dimethylformamide (DMF), used as solvent in the preparation 
of the electrospinning solution, was purchased from Sigma Aldrich. The PAN/DMF solution was 
prepared at a concentration of 12 % by weight, at 80 °C, by mixing for 4 hours. 
 
2.2 Electrospinning Design and Installation 
 
In this study, needle electrospinning setup was made. The setup consists of a syringe pump, a 
collector plate, and two DC high-voltage power supplies (+40 kV and -40 kV). The positive and 
the negative power supplies are connected to the needle and the collector, respectively. Needle tip 
to collector distance (TCD) was 20 cm, and the distance between the collector and the PAN strip 
was kept constant as 5 cm. A high voltage of +20 kV was applied to the needle tip and -5 kV to 
the collector. The feed pump speed was kept constant at 16 µL/min. For coating the strips with 
nanofiber were used 1.7 dtex PAN strips. The systematic presentation of the electrospinning setup 
is given in Figure 1. 
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Figure 1. Schematic representation of the electrospinning setup: a) fixed strip, b) twisted strip 
 
In the study, two different setups were used to coating PAN strips with nanofibers (Figure 1). In 
the first setup, the nanofiber strip was fixed at both ends with holders and placed in front of the 
collector (Figure 1a). In this setup, the strips were covered with nanofibers in two different times, 
5 and 15 minutes. In the second setup, the nanofiber strip was placed in front of the collector and 
fixed at one end and twisted at the other end during production (Figure 1b). In this setup, the strip 
was covered for 15 minutes. The nanofibers were produced at a temperature of 25 ± 2 °C and with 
a relative humidity (RH) of 50 ± 5 %. 
 
2.3 Characterization and Analysis 
 
Attention Theta optical tensiometer was used to measure the surface tension of the PAN solution, 
Brookfield DV-III Ultra rheometer was used to measure its viscosity and electrical conductivity 
was measured by Orion 4 Star Plus meter. A field-emission scanning electron microscope (FE-
SEM, ZEISS Gemini SEM 300) was used to obtain micrographs of electrospun nanofibers. The 
SEM images at 35 X, 500 X and 3,000 X magnifications were evaluated to examine the nanofiber 
coatings on the PAN strips. The measurement of nanofiber diameters was made from the SEM 
images of 20,000X magnifications. For the nanofiber diameter, at least 50 measurements were 
taken from each sample. 
 
3. RESULTS AND DISCUSSION 
 
The properties of the PAN/DMF solution were analyzed and the viscosity, surface tension and 
conductivity of the solution were measured as 925 cP, 34.01mN/m and 96.3 µS/cm, respectively. 
The SEM images of PAN strips (reference) used for nanofiber coating are given in Figure 2. 
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Figure 2. The SEM image of PAN fiber strip without nanofiber coating at different magnifications: a) 35 X, b) 120 
X, c) 500 X, d) 1,000 X 

 
The SEM images taken at different magnifications were examined. The SEM images show that 
the strips are uncoated. The fibers were a uniform structure (Figure 2c-d). The diameters of the 
fibers in the strips were measured as 12.6 ± 2.2 µm. 
 
The fixed strips were firstly coated with nanofibers at 5 and 15 minutes. The SEM images of 
nanofiber coated strips are given in Figure 2 and Figure 3. 
 

 
 

Figure 3. The SEM image of nanofiber coated PAN strip in 5 minutes different magnifications: a) 35 X, b) 500 X, 
c) 3,000 X, d) 20,000 X 
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Figure 4. The SEM image of nanofiber coated PAN strip in 15 minutes different magnifications: a) 35 X, b) 500 X, 
c) 3,000 X, d) 20,000 X 

 
It has been observed that the strips are coated with nanofibers at different times. The nanofibers 
are above the strip surface (Figure 3b and Figure 4b). The nanofiber coating takes longer than 5 
minutes in 15 minutes. While the coating was in a partial area in 5 minutes, this area increased 
even more in 15 minutes. The nanofibers covered the web-like strip (Figure 4c). The nanofibers 
are in a uniform structure and no bead formation was observed (Figure 3d and Figure 4d). The 
SEM images of the twisted nanofiber coated strips are given in Figure 5. 
 

 
 

Figure 5. The SEM image of PAN strip coated with nanofibers while twisting: a) 35 X, b) 500 X, c) 3,000 X, d) 
20,000 X 
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Figure 6. The distribution of coated nanofiber diameters: a) fixed strip at 5 minutes, b) fixed strip at 15 minutes, and 
c) twisted strip 

 
The nanofibers coated the strip by twisting during production. While it was observed that the 
nanofibers were focused on certain points in the fixed coating, the strip remained inside the 
nanofiber in the coating while twisting (Figure 3a, Figure 4a and Figure 5a). The nanofiber is in 
the mesh form and the pore size is quite low (Figure 5b and Figure 5c). The nanofibers are allowed 
to reach all directions of the strip as it is twist. However, in the fixed strip, the nanofiber cannot 
reach the back regions. The coated nanofibers were uniform, and no bead formation was observed 
(Figure 5d).  
 
The nanofiber diameter distributions are given in Figure 6. The nanofiber diameters of the fixed 
strip 5 and 15 min and the twisted strips are 205 ± 26, 204 ± 36 and 199 ± 39 nm, respectively. 
While the nanofiber diameter distributions of the fixed strips were close to each other, the 
nanofiber diameter distribution of the twisted strips was in a wider area. The twisting of the strip 
during production had a low effect on the nanofiber diameter. 
 
4. CONCLUSIONS 
 
The PAN strips were coated for 5 and 15 minutes, and then coated with nanofibers while the strip 
was twisted for 15 minutes. The amount of coating increased with increasing time. While the 
coating of the fixed strips was in a partial area, the nanofibers covered the entire strip in the twisting 
coating. The nanofibers were produced in a uniform structure. With this production type, new 
properties can be added to traditional strips. By coating traditional strips with nanofibers, 
properties such as antibacterial activity, conductivity and absorbency can be gained. 
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ABSTRACT 
 
Rotational pigment printing is a very preferred method of fabric coloring. Screen mesh number (holes/inch), bar size 
(mm), machine press, and speed (m/min) parameters are determined before mass production. These production 
parameters are determined by skilled laborers. In experience-based systems, errors are inevitable. Applications of 
artificial intelligence in textiles have been found in recent years, including categorization, error detection, estimation, 
process optimization. In this project, the machine parameters of the ready-to-print pattern in rotation printing were 
estimated with a deep learning method based on Convolutional Neural Network (CNN). For screen mesh count, bar 
size, magnet pressure, and machine speed, respectively, it was determined that overall accuracy was 84, 81, 78, and 
97%. 
 
Key Words: Rotary pigment printing, convolutional deep learning, machine parameters class prediction. 
 
1. INTRODUCTION  
 
The textile manufacturing industry is based on human labor. Traditional rotary screen printing 
contains many processes requiring human labor, such as pattern design, printing paste preparation, 
screen preparation, and printing machine parameter determination. Before mass production, 
sample printing is done with an experience-based system a couple times. This requires time, 
consumes unnecessary resources, and increases the rate of faults and waste in production.  
 
Deep learning is a sub-field of machine learning and is one of the most widely used artificial 
intelligence technologies today [1]. It is used in the textile industry to increase productivity, 
digitalization, recommendation systems, detect defects in fabric, reduce subjective analysis and 
decision errors. The last 20 years of deep learning models for fabric defect detection and 
classification have been reviewed. The most commonly used deep learning models are CNN-based 
and generative models [2]. In [3], built an online CNN-based deep learning model for 
recommending customer preferences for patterns and colors in textile products. The basis of the 
approach for making recommendations is the proposal of a pillow with a design that fits well with 
the couch's color for customers looking to purchase a pillow that matches the sofa. A survey was 
conducted to determine the preferences of consumers. The patterns were grouped into five groups 
as a result of the survey, from the most favored to the least preferred. The model's performance 
was evaluated using precision, accuracy, recall, and f1-score. The results were 82.08 %, 82.00%, 
83.5%, and 82.3%, respectively. In [4], the subjective evaluation error in fabric wrinkle testing 
was eliminated using an RVFL algorithm optimized by the TSA method based on logistic maps 
and the usage of ResNet18 for crease imagine feature extraction. 540 wrinkled images of knitted 
and woven natural and synthetic fabrics, dyed in 90 various colors, were used in this study. In 
order to increase the quantity of data in the deep learning model, 3775 images were generated by 
multiplying them using approaches including rotation, mirroring, and adding noise. The 
performance of the study was evaluated with different deep network models. The performance of 
the study was evaluated with different deep network models. When all models are assessed, the 
accuracy rate in estimating the degree of wrinkling of the fabric after washing is between 92-98%. 
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In order to classify and automatically recognize textile fabric patterns, transfer learning [5] and 
conventional neural network [6] deep learning models have been used. 
 
In this study, multi-class classification deep learning conventional artificial neural network method 
was preferred to determine rotary screen printing machine parameters.  
 
2. MATERIAL AND METHOD  
 
The mass production data from the research [7] was used in the present study. Plain weave fabrics 
from 100% cotton, 100% polyester, and cotton/polyester blends used as sheets were used for this 
study. Reggiani UNICA240/12/12 model with 12 colour was used for printing. A database has 
been created with data on productions that are over 2000 meters. The model was created using 
mass-produced printed pattern data. Screen mesh number (holes/inch), bar size (mm), machine 
press, and speed (m/min) parameters were categorized using CNN based on color and figure 
images. 
 
The study was carried out under four headings, which is given below, respectively. 
 
1. First, applying the K-means algorithm to images, the pattern figures are divided into clusters 
based on color.  
2. The color images of the pattern were then categorized in accordance with the printing 
parameters. 
3. The number of pattern images was not sufficient to apply deep learning; therefore, images 
were rotated, mirrored and shifted to generate images. 
4. A multi-class classification deep learning conventional artificial neural network model was 
built and evaluated with precision, accuracy, recall, and f1-score. 
 

Table 1. Machine parameters classification used in the CNN. 
 

Bar Size 
(mm) 

Screen Mesh Count 
(holes/inch) 

Magnet 
Pressure 

Machine Speed 
(m/min) 

12 80 40 30 
16 125 50 40 
- 155 60 50 
- - 70 - 

 
On a rotary printing machine, each screen represents a single color and figure. Each figure shape 
may have a distinctive structure. These features are one of the most relevant variables to consider 
while selecting rotation machine parameters. The CNN model was created to identify the different 
patterns' structures and predict the printing machine's parameters for new patterns. The printed 
patterns are divided by color as in Figure 1 and Figure 2 using the K-means method.  
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Figure 1. Example-1 of using K-means to divide the printed pattern into colors. 
 

    
 

Figure 2. Example-2 of using K-means to divide the printed pattern into colors. 
 

For each classification, an individual set of images was used. This is because of mass 
manufacturing data is used. It is due to the variety of frequently and rarely used parameters, since 
an equal number of images should be used in the CNN model. It is owing to the wide range of 
often and seldom utilized parameters in mass manufacturing. A total of 600 images for bar size, 
450 for screen mesh, 120 for machine speed, and 400 for magnet pressure were utilized as data in 
the model. The original size of the images is 6805x1813. All images were resized to 148x39. The 
photos were then padded to be 148x148 in square size. Machine speed classification data was only 
resized to 560x149. For classifying machine speeds, the K-means method was not applied. To 
increase the amount of data, images are horizontally flipped, angularly rotated (15°, 45°, and 105° 
degrees), and shifted in width and height for data augmentation. Data was divided into train set, 
validation set, and test set with a split of 80/10/10% in the model. Models were trained with 32 
batch size and Adam optimizer for 40 epochs. In Table 2 and Table 3, the CNN models’ 
architecture is shown.  
 

Table 2. Architecture of the CNN for screen mesh count, bar size and magnet pressure classification. 
 

Layer Filter size Stride Output 
Input Image - - 148x148x3 

Conv, Batch Norm, ReLU 3x3 1 146x146x32 
Max-Pooling 2x2 1 73x73x32 

Conv, Batch Norm, ReLU 3x3 1 71x71x64 
Max-Pooling 2x2 1 33x33x64 

Conv, Batch Norm, ReLU 3x3 1 31x31x64 
Max-Pooling 2x2 1 11x11x64 

Flatten - - 1x1x7744 
Fully Connected 1 - - 1x1x256 

Dropout - - 1x1x256 
Softmax - - 1x1x3 
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Table 3. Architecture of the CNN for machine Speed classification. 
 

Layer Filter size Stride Output 
Input Image - - 149x560x3 

Conv, Batch Norm, ReLU 3x3 1 147x558x32 
Max-Pooling 2x2 1 73x279x32 

Conv, Batch Norm, ReLU 3x3 1 71x277x64 
Max-Pooling 2x2 1 35x138x64 

Conv, Batch Norm, ReLU 3x3 1 33x136x64 
Max-Pooling 2x2 1 16x68x64 

Flatten - - 1x1x69632 
Fully Connected 1 - - 1x1x128 

Dropout - - 1x1x128 
Softmax - - 1x1x3 

 
3. RESULTS 
 
Python 3.9 and Jupyterlab were used for processing data and perform CNN algorithms. The 
Intel(R) Core(TM) i5-8250 CPU ran at 1.60GHz and 1.80GHz, with 8.0GB of RAM, and an 
NVIDIA GeForce 930MX GPU as the laptop's hardware specifications. Table 4, Table 5, Table 6, 
and Table 7 show the results of the classification of bar size, screen mesh count, magnet pressure, 
and machine speed, respectively. Evaluation of the suggested model's performance in terms of 
overall accuracy, precision, recall, and f1-score metrics. 
 

Table 4. Results of classification report for screen mesh count. 
. 

Screen Mesh Count 
(holes/inch) 

Precision Recall F1-Score 

80  0.75 1.00 0.86 
125 1 0.67 0.80 
155 0.75 1.00 0.86 

 
Table 5. Results of classification report for bar size. 

 
Bar Size (mm) Precision Recall F1-Score 

12 0.78 0.88 0.82 
16 0.86 0.75 0.80 

 
Table 6. Results of classification report for magnet pressure. 

 
Magnet Pressure Precision Recall F1-Score 

40 0.85 0.92 0.88 
50 0.86 0.55 0.67 
60 0.62 0.83 0.71 
70 0.75 1.00 0.86 
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Table 7. Results of classification report for machine speed. 
. 

Machine Speed (m/min) Precision Recall F1-Score 
30 1.00 0.89 0.94 
40 0.94 1.00 0.97 
50 1.00 1.00 1.00 

 
Overall accuracy was determined to be 84, 81, 78, and 97% for screen mesh count, bar size, magnet 
pressure, and machine speed, respectively. The results show that the proposed CNN model could 
minimize human error and fabric waste. 
 
4. CONCLUSION 
 
As a result of this study, owing to the model proposed, it will be possible to predict the printing 
machine parameters while the patterns are in the printing process. Another purpose of this project 
is to eliminate the need for sample printing so that fewer worker mistakes with decisions will 
happen, and the conventional rotary printing process has been digitalized. Lastly, this R&D project 
is an ongoing project. In the continuation of the project, different model performances will be 
tested with more data and different classification models. 
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ABSTRACT 
 
The aim of this study is the development of activated carbon fibers from wool fibers for CO2 capture applications. 
Wool felts were subjected to stabilization, carbonization and chemical activation processes, respectively. Elemental 
analysis, SEM and BET analysis were carried out and CO2 adsorption performance was tested. Wool samples 
carbonized at 900 °C and activated with a KOH impregnation ratio of 1:3 showed the highest CO2 adsorption value. 
Wool fibers were shown to be a potential natural alternative for the production of ACF based CO2 adsorbents.  
 
Key Words: Carbon dioxide adsorption, activated carbon fiber, wool 
 
1. INTRODUCTION  
 
Global warming, which has become an alarming threat to the environment and human life, has 
emerged as a result of the increasing release of greenhouse gases into the atmosphere. Although 
many greenhouse gases such as carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), SOx 
are emitted into the atmosphere, carbon dioxide has the largest share among these gases. According 
to the IPCC report, in order to limit the increase in global warming to 1.5 °C compared to pre-
industrial period, CO2 emissions should be zeroed until the 2050s and other greenhouse gas 
emissions, especially methane, should be reduced simultaneously [1]. It was reported that it will 
not be possible to keep the world average temperature increase below 3 °C without the 
implementation of emission reduction practices as well as large-scale emission capture and storage 
[2]. Therefore, the development and use of CO2 capture and storage (CCS) technologies is crucial 
to cope with the global demand for CO2 emission reduction. 
 
CO2 capture by adsorption is of interest due to its low capital requirement, easy applicability and 
low energy consumption [3]. Metal oxides, zeolites, metal organic cages, silica materials and 
activated carbons can be used for carbon dioxide capture by adsorption. Activated carbons are 
advantageous due to their high adsorption capacity, low cost, unaffected by moisture due to high 
hydrophobicity and low energy requirement for regeneration [4]. Moreover, activated carbon 
fibers, defined as a hybrid material that is a combination of activated carbon and carbon fibers 
(ACFs) [5], have been appeared as an important candidate for carbon dioxide capture thanks to 
their higher adsorption rate, adsorption capacity, pore rate and micropore capacity compared to 
activated carbons in different forms (powder, granule, etc.). CO2 adsorption is provided by the 
synergistic effect of physical adsorption within the micropores of the adsorbent material and 
chemical adsorption with nitrogenous functional groups on the surface. Therefore, the precursor 
materials including nitrogenous groups are believed to be advantageous. In this context, CO2 
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adsorption by activated carbon fibers were investigated, where wool felts were used as the 
precursor material was investigated in this study. 
 
2. EXPERIMENTAL 
 
Wool felts were subjected to stabilization, carbonization (800-900 °C, 1 h) and activation processes 
for ACF production. Stabilization of wool felts were carried out at 300 °C for 2 h in a high 
temperature oven (Protherm PLO 450/50 PC442T). The stabilized sampled were carbonized under 
nitrogen flow at 800 and 900 °C for 1 h in a laboratory scale vertical fixed bed pyrolysis reactor. 
Chemical activation method with potassium hydroxide (KOH) was used for activation process 
after carbonization. KOH impregnated carbonized samples were activated at 700 °C for 1 h in a 
laboratory scale vertical fixed bed pyrolysis reactor, followed by washing. The obtained samples 
were named as following “C-Carbonization temperature-A activation ratio” sequence (e.g. C800-
A1:3 stands for the sample carbonized at 800 °C and activated at 1:2 KOH impregnation ratio). 
 
Mass yield calculation, elemental analysis, SEM analysis, BET analysis and CO2 adsorption tests 
of the samples were carried out. The effects of carbonization temperature and KOH impregnation 
ratio on the characteristics and CO2 adsorption performance of wool based ACFs were 
investigated. 
 
3. RESULTS AND DISCUSSION 
 
Table 1 shows the mass yield and elemental analysis results of the samples. Mass yield between 
53-33% were obtained depending on the carbonization temperature and the KOH impregnation 
ratio. The mass yield after carbonization was similar for both carbonization temperatures. On the 
other hand, the mass loss after activation was found to be lower for the samples carbonized at 
higher temperature. Increase in the KOH impregnation ratio led to a decrease in the mass yield. 
Similary carbon and nitrogen ratio decreased by the increase in the KOH impregnation ratio.  
 

Table 1. Elemental composition and mass yields of the samples 
 

 Elemental composition Mass 
yield, 
%** 

 
C H N S O* 

Untreated 44.99 6.42 15.09 2.89 30.61 - 
Stabilized 57.34 3.69 17.02 0.91 21.04 79 
C800 76.38 1.61 9.47 0.00 12.54 56 
C800-A1:1 71.11 1.76 5.84 0.00 21.29 51 
C800-A1:2 67.34 3.14 1.75 0.00 27.77 42 
C800-A1:3 70.15 2.33 0.53 0.00 26.99 33 
C900 81.15 1.27 6.09 0.00 11.49 56 
C900-A1:1 73.35 0.99 4.70 0.00 20.96 53 
C900-A1:2 67.11 1.54 1.13 0.00 30.22 45 
C900-A1:3 67.61 2.01 0.76 0.00 29.62 42 
*calculated by difference 
**according to precursor wool fiber 
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Figure 1 illustrates the SEM images of wool based ACFs. It was seen that the fibrous structure was 
preserved at all stages. As a result of the activation processes, tubular structures appeared at the 
fiber ends.  
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Figure 1. SEM images of obtained ACFs 
 
BET surface area and CO2 adsorption of the produced ACFs were given in Table 2. It was observed 
that the surface area of the wool-based activated carbon fibers varied greatly according to the KOH 
impregnation ratio, and the surface area increased as the increase in the KOH impregnation ratio. 
Carbonization at 800 °C and activation at 1:3 KOH ratio led to a very high surface area of 1807 
m2/g. Although the surface area was very different for each processing parameter, the carbon 
dioxide adsorption performance of the samples carbonized at 800 and 900 °C and activated at 1:2 
and 1:3 KOH impregnation ratios was found to be analogous and quite high (3.85-4.06 mmol/g). 
This was thought to be due to the synergistic effect of different microporosity and nitrogen content 
in each case. 
 

Table 2. BET surface area and CO2 adsorption of wool based ACFs 
 

 BET surface area, 
m2/g 

CO2 adsorption, mmol/g 

C800-A1:1 477.5 2.64 
C800-A1:2 1236.8 3.85 
C800-A1:3 1807.3 3.90 
C900-A1:1 5.4 1.89 
C900-A1:2 878.4 3.93 
C900-A1:3 1107.0 4.06 

 
4. CONCLUSION 
 
Wool fibers were used as precursor for the production of ACFs and CO2 adsorption performance 
of the resultant samples were investigated. In conclusion it was revealed that wool fibers can be 
considered as a suitable natural alternative for the production of activated carbon fibers with very 
high surface area and considerable CO2 adsorption capacity. 
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ABSTRACT  
 
With the rapid development of technology worldwide, the importance of yarn variety and fabric designs with new 
properties has increased as a result of the combination of textile products with different structures and properties using 
different production methods. In recent years, a new type of core yarn called Dual core spun yarn has been developed 
in order to improve the properties of core yarns. 
In this study, it is aimed to compare the performance of hybrid yarns in which core components are combined with 
hollow spindle technique with “S” and “Z” twist direction and conventional ring double core yarns technique.  
 
Key Words: Core component, hybrid yarn, new method, yarn properties. 
 
1. INTRODUCTION  
 
As a result of research in the textile industry, product diversity in textile increased after the 1970s 
and with this increase, single core yarns were produced. Single core yarns are a structure consisting 
of two concentric fiber bundles. After the processes carried out in single core yarns, there was a 
need to develop dual core spun yarn in order to get better results in yarn quality.[1] In recent years, 
fibers such as PBT, T400, and PES (polyester) have been widely used in fabric production in the 
textile industry.[2] 
 
Babaarslan and Tüzün (2000) used polyester/viscose coated yarns with three different cores in 
their study.Textured polyester (78 dtex lycra - 34 filament), textured nylon 6.6 (78 dtex lycra - 34 
filament) and 78 dtex lycra (elastane) were used as core yarn in this study.As the cover material, 
polyester/viscose was used in a 50/50 mixture ratio.As a result of the study, they stated that core 
yarn production could be possible by using different core yarns. [3] 
 
Sarıoğlu (2019) used polyethylene terephthalate/polytrimethylene terephthalate (PET/PTT) 
bicomponent filament + Spandex, PET/PTT bicomponent filament, which has high elasticity in its 
core, to investigate the effects of yarn type and layout on the unidirectional stretching properties 
of woven denim fabrics and obtained single and double core yarns using Spandex (a polyurethane 
fiber). A total of 18 different denim fabrics were produced using plain PET/PTT bicomponent 
filament with the yarns obtained, with different weft placement patterns in the fabric. One-way 
elasticity and permanent deformation properties of denim fabrics were determined after 2 hours of 
waiting for this process. Thus, the test results were used in the SPSS package program and as a 
result of statistical evaluation with analysis of variance within a 95% confidence interval, it was 
stated that the weft yarn type and the placement of the weft yarns in the fabric had a statistically 
significant effect on the elasticity and permanent deformation properties of the fabric.[4] 
 
 
 
Sinha et al. (2017), in their study, research was conducted on the elongation and strength properties 
of elastane core cotton yarns suitable for denim fabric production. As a result of the research, it 
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was observed that as the yarn thickness increased, the yarn strength rate decreased [5]. Öner et al. 
(2004), in their study, the effects of elastane fineness and draft rate on the structures of cotton-
covered elastane core yarns were investigated. As a result of the research, they determined that the 
yarns with a count of 10 tex had the highest elastic return values when used with an elastane core 
with a fineness of 22 dtex/2f and a draw value of 4.00 [6]. 
 
In this study, it is aimed to compare the performance of hybrid yarns in which core components 
(T400/Elastane, PBT/Elastane, PES/Elastane) are combined with hollow spindle technique with 
“S” and “Z” twist direction and conventional ring double core yarns technique.  
 
2. MATERIAL METHOD 
 
In this study, T400, PBT and PES were used together with elastane as double core material. All 
yarns are produced in the same fineness. The experimental set consisting of 3 groups (A, B, C) is 
shown in Table 1. Groups A and B were obtained by twisting in different directions with the hollow 
spindle technique and group C is produced with conventional ring spinning system. The physical 
properties of all yarns were tested with the “Uster tensorapid” test device with 5 repetitions. 
 
2.1. Material 
 
2.1.1. Cover Material 
 
Within the scope of the study, 100% cotton fiber was used as a sheath for core yarn production in 
a modified conventional ring spinning machine. Domestic production cotton originating from 
Şanlıurfa was supplied from Çalık Denim Tekstil company operating in the Malatya region. 
 
2.1.2. Core Component Filaments                                                     
 
PES, Polybutylene terephthalate (PBT), T400® (PET/PTT) and elastane filaments were used in 
the production of double core hybrid yarn. Double core yarn production is made in the form of 
PES + elastane, PBT + elastane and T400 + elastane. 
 

Table 1. Set of experiment 
 

Sample  Description 

A-1 18/1 (55 DEN T400+78 LYC S Twist) 
A-2 18/1 (55 DEN PBT +78 LYC S Twist) 
A-3 18/1 (55 DEN PES + 78 LYC S Twist) 
B-1 18/1 (55 DEN T400+78 LYC Z Twist) 
B-2 18/1 (55 DEN PBT +78 LYC Z Twist) 
B-3 18/1 (55 DEN PES + 78 LYC Z Twist) 
C-1 18/1 (55 DEN T400+78 LYC) 
C-2 18/1 (55 DEN PBT +78 LYC) 
C-3 18/1 (55 DEN PES + 78 LYC) 

 
 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

370 
 

2.2. Method 
 
2.2.1. Yarn Production Method 
 
Within the scope of the study, the combination of materials that will form the core was studied 
with two different methods. The working principle of the 2 methods is shown in figure 1. 
 
1.Method: According to the dual core spun yarn production system on the ring spinning machine, 
core production was carried out with 55 denier PES + 78 dtex elastane (lycra) + Cotton, 55 denier 
PBT + 78 dtex elastane + Cotton and 55 denier T400 + 78 dtex elastane + Cotton yarns (Invista 
Method). 
 
2.Method: Core components (55 denier PES + 78 dtex elastane (lycra), 55 denier PBT + 78 dtex 
elastane and 55 denier T400 +78 dtex elastane) are spun in S and Z directions with the hollow 
spindle technique. These components were then modified to remain in the core and spun by placing 
them in the center with cotton on the same machine (hollow spindle technique). 
                               

 
(a)                                                                           (b) 

Figure 1. a: Hollow Spindle Technique, b: Ring spinning Technique 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

371 
 

2.2.2. Test Methods 
 
Before physical and mechanical tests of the double core yarns obtained within the scope of the 
study were carried out, the yarn samples were conditioned for 24 hours according to TS EN ISO 
139: 2008 standard.  
Twist determination and direct counting test in yarns were carried out using the Uster Tester 5-
S800 device in accordance with TS 247 EN ISO 2061 and TS EN ISO 2061: 2015 standards. The 
strength (cN/tex) and breaking elongation (%) tests of the yarns were carried out on the Uster 
Tensorapid 4 test device, at a jaw distance of 500 mm and a test speed of 5000 mm/min, in 
accordance with the TS EN ISO 2062:2010 standard. Additionally, a pre-tension of 0.5 cN/tex was 
applied. Measurements of yarn irregularity and yarn defects (thin places, thick places and neps) 
were carried out in accordance with the TS EN ISO 2060 standard, on the Uster Tester 5-S800 
device, at a test speed of 400 m/min, with a test time of 1 minute. The hairiness test of the yarns 
was carried out on the Uster Tensorapid 4 test device in accordance with the TS 12863:2002 
standard. For each test, 5 measurements were taken from each yarn sample. All tests, was carried 
out in Çalık Denim Tekstil company. 
 
3. RESULTS AND DISCUSSION 
 
Yarn test results for the yarns produced within the scope of the study are shown in Table 2. 
 

Table 1. Yarn test results 
 

Yarn Properties 
A-3 A-2 A-1 B-3 B-2 B-1 C-3 C-2 C-1 
PES PBT T400 PES PBT T400 PES PBT T400 

Denier 55 55 55 55 55 55 55 55 55 

Strength (cN/tex) 
14.1

4 
12.1

4 
15.3 

14.9
7 

12.3
4 

14.4 
16.0

1 
13.0

3 
14.3 

Elongation at break 
(%) 

5.21 4.36 6.32 
12.3

4 
12.6

3 
13.3

1 
9.09 

12.9
1 

12.4
4 

Irregularities 
(%CVm) 

16.5
3 

15.9
2 

16.0
2 

16.0
5 

14.6
5 

15.5 
15.4

1 
14.5

9 
15.0

3 
Thin Place (-50) 1.5 1 2.0 2.5 0 1 1 0 1 

Thick Place (+50) 
519.

5 
454 

458.
5 

476 332 385 408 310 
341.

5 

Neps (+200) 
224.

5 
283 199 193 289 

162.
5 

283.
5 

225.
5 

226 

Hairness (H) 5.99 5.92 6.02 6.23 6.11 6.27 6 6.84 6.09 
 
It is seen that there are differences in the strength values of Ne 18/1 count yarns depending on the 
type of core material and the way of joining. It has been observed that ring double core yarns 
containing PES have higher breaking strength values. It is seen that PBT-containing yarns have 
lower strength values in all combination shapes due to their fiber properties. It has been observed 
that the elongation at break value is high in the Z-twist yarns produced with the hollow spindle 
technique in the yarn groups produced with all three filament structures (PES, PBT and T400). It 
has been observed that ring double core yarns containing PES have low breaking elongation 
values. It has been observed that double core yarns have a high tendency to unevenness. Production 
method of the core components It has been observed that there is a tendency for the irregularities 
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of the yarns to increase from ring spinning to hollow spindle S twisting. Since the hairiness value 
of all yarns is higher than 5%, it has been observed that they have a hairier structure. When the 
hollow spindle method yarns in the S and Z twist directions were examined in terms of hairiness, 
it was seen that the hairiness rate of the Z twist was higher due to the different twist direction 
compared to the S twist. 
 
4. CONCLUSION 
 
In this study, the effect of the hollow spindle technique method, which can be an alternative to 
conventional ring spinning systems on yarn performance was comparatively analyzed. 
As a result of these experiments, the effect of the method used on the performance of the yarn 
varies not only depending on the method but also on the type of material. In general, since there is 
not much difference in performance values between the two methods, it can be considered that the 
hollow spindle technique can be an alternative method. 
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ABSTRACT 
 
Cellulose, the most abundant natural polymer globally, is vital for sustainable applications. The textile industry's 
environmental impact, contributing to significant waste and emissions, demands innovative solutions. Utilizing 
cellulosic waste as a raw material holds promise for eco-friendly recycling. This study focuses on fabricating micro-
sized cellulose particles from waste jute yarns and regenerated cellulose (viscose) fibers. The particles exhibit 
appealing attributes such as strength and surface area. Comprehensive characterizations involving microscopy, 
spectroscopy, and thermal analyses were performed. Notably, particle morphology and structure varied with the source 
material and processing conditions. The findings present a pathway for cellulose waste upcycling and offer potential 
for reinforcing composite materials across diverse industries. 
 
Key Words: Jute, regenerated cellulose, cellulosic waste, microcrystalline cellulose 
 
1. INTRODUCTION 
 
Cellulose is a natural polymer that is recognized as the most widespread macromolecule on Earth, 
with an estimated annual production rate of more than 1011 tons [1, 2]. Textile industry is 
estimated to be the second largest contributor to water and carbon footprint, accounting for 10% 
of global carbon emissions [3]. Tens millions of tons of textile waste is estimated to be produced 
every year [4]. Using cellulosic fiber wastes can support economic and environmental recycling. 
One of the usage areas of these wastes is the production of nano and micro-sized fibers, which has 
attractive properties like high strength, good stiffness, and a large surface area. Composites 
incorporating nano/micro cellulose can be beneficial in a variety of industries, including 
biomedical, automotive, and construction applications regarding improved mechanical and fluid 
handling properties.  
 
In this work, we synthesized and analyzed micro-scale cellulose particles from textile waste in 
order to use them as reinforcing components in composites. Waste jute yarns and waste 
regenerated cellulose fibers were provided from textile companies. Microparticles were produced 
via a two-stage chemical-mechanical acid hydrolysis technique involving a nitric acid (HNO3)-
acetic acid (HAc) solution and mechanical grinding. Viscose fibers were directly used after pre-
cleaning, while jute fibers underwent cellulose extraction, acid hydrolysis, and mechanical 
grinding. The resulting cellulose particles were analyzed for size, shape, chemical attributes, 
crystalline structures, and thermal properties. A comparison was also made with commercial 
microcrystalline cellulose. 
 
2. MATERIALS AND METHODS 
 
Waste jute yarns were provided by a carpet manufacturer Atlantik Halı A.Ş. (Türkiye). Waste 
viscose fibers were supplied by Ugurlular Tekstil A.Ş. (Türkiye). Microcrystalline cellulose (α-
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Cel) was purchased from Merck, Germany for comparison. Other chemical agents used in this 
study were of analytical research grade. 
 
The micro cellulose particle production process involved pre-cleaning of the fibers and subsequent 
cellulose extraction. Jute fibers were pre-cleaned by washing with distilled water, followed by 
drying and cutting into 2-4 mm lengths. For jute fibers, Soxhlet extraction using a benzene/ethyl 
alcohol mixture eliminated wax and lipophilic components. Waste viscose fibers underwent pre-
cleaning with 4 g/L ECE B detergent and were cut into small 2-4 mm pieces. 
 
Cellulose extraction from jute fibers involved delignification processes, including formic acid 
treatment at 95°C for 2 hours, followed by washing and rinsing. Subsequent peroxyformic acid 
treatment at 80°C for 2 hours further delignified the fibers. Bleaching with hydrogen peroxide at 
60°C and pH adjustment to 10 were performed, followed by after-treatment steps. The modified 
method from Morán et al. [5] was applied to produce micro-sized cellulose particles. Acid 
hydrolysis with nitric acid (HNO3)-acetic acid (HAc) solution was employed, with fibers treated 
at different temperatures and times using a 1:40 liquor ratio. Products were washed, precipitated, 
and dried before final mechanical grinding to reduce size. Samples are named, including fiber 
types: viscose (VC) or jute-cellulose (JC), process temperatures (100 and 125°C), and treatment 
durations (15 or 30 min) (e.g., VC-100-15, fiber type-temperature-duration). 
 
Characterization of micro cellulose particles involved various techniques: optical microscopy and 
SEM for morphological analysis, AFM for topography at the atomic scale, laser scattering for 
particle size distribution, FT-IR for chemical structure analysis, XRD for crystalline structure 
examination, DSC and TGA for thermal properties analysis, the analysis of degree of 
polymerization, and the gravimetric method for moisture content determination according to the 
ASTM D629-15 standard. 
 
3. RESULTS AND DISCUSSION 
 
SEM micrographs of cellulose particles at different magnification were displayed in Figure 1. 
Cellulose particles obtained from regenerated cellulose fibers (VC-125-15 and VC-125-30) and 
jute fibers (JC-125-15 and JC-125-30) are significantly smaller than those obtained from the 
commercial products (α-Cel). Particle sizes of the samples range between 10-15 µm, and the 
lengths range between 10-100 µm. It was found that when the processing temperature increased, 
particle distribution became more homogeneous. Although there are smaller particles in the 
sample, cross-section of the α-Cel sample is flattened, its width is in the range of 30-40 µm, and 
the fiber length is in the range of 300 - 500 µm.  
 
AFM was utilized to assess the size, shape, and surface morphology of cellulose particles and α-
Cel. Similar to SEM observations, α-Cel appeared coarser and larger than cellulose particles. 
However, due to particle agglomeration, precise size measurements through AFM were 
challenging. AFM characterization affirmed that cellulose particles were obtained at a smaller 
micro-scale with higher processing time and temperature. Viscose-derived samples exhibited more 
uniform distribution compared to jute-derived ones. Consistent with SEM, VC-125-30 displayed 
the lowest surface roughness.  
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Figure 1. SEM images of micro-crystalline cellulose particles 

 
Figure 2 illustrates the particle size distribution results. α-Cel exhibited an irregular distribution 
graph ranging from 5.9 µm to 1 mm with a dual peak indicating uneven distribution, averaging 
196.15 µm. Cellulose particles’ size distribution was more uniform than the commercial product. 
For samples JC-125-30 and VC-125-30 treated at 125°C for 30 minutes, sizes were more uniform 
and smaller compared to 15-minute treatments (JC-125-15 and VC-125-15). JC-125-30 ranged 
from 5.9 µm to 262.4 µm with an average of 28.9 µm and a mode size of 21.2 µm, while VC-125-
30 ranged from 5.1 µm to 262.4 µm with an average of 28.4 µm and a mode size of 18.7 µm. These 
optimal products were chosen for further characterizations. Considering the effect of process 
parameters on cellulose particles, average particle size and distribution of the samples obtained 
from jute and regenerated cellulose wastes under optimum conditions (125 °C and 30 minutes) 
were similar. But the regenerated cellulose samples (28.41 µm) had a relatively smaller average 
particle size than the jute samples (28.91 µm) and the particle distribution was more homogeneous. 
It is feasible to use the products created as part of the study as additives in composites and as green 
adsorbents. 
 

 
Figure 2. Particle size distributions of the cellulose particles 

 
FT-IR analysis was used to analyze and compare the chemical structures of micro-crystalline 
cellulose particles to commercial α-Cel (Figure 3). FT-IR spectra of the samples made from viscose 
and jute wastes matched the most prominent bands determined in α-Cel; however, the intensities 
of the transmission bands differed. The band at 1430 cm-1 is related to the crystalline structure of 
cellulose, whereas the band at 896 cm-1 is related to the quantity of amorphous area. The empirical 
crystallinity index is defined as the ratio of these two bands. Ratio of these peaks was found to be 
higher for jute samples than regenerated cellulose samples.  
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Figure 3. FT-IR spectra of micro-crystalline cellulose particles 

 
Thermal properties of the products were evaluated through DSC and TGA (Figure 4) analyses. 
Characteristic endothermic peaks of cellulose in the 50 – 150°C range signify dehydration, with 
peak temperatures increasing as cellulose crystallinity decreases. In VC-125-30, this peak occurred 
at 104°C, contrasting with 83°C in JC-125-30 and α-Cel samples. DSC thermograms (200 – 
450°C) indicated rapid pyrolysis (250 – 350°C) due to cellulose dehydration and decomposition. 
Initial decomposition temperatures, representing oxidation onset, were lower for regenerated 
cellulose (VC-125-30) compared to α-Cel and jute-containing samples. TGA curves showed initial 
weight loss (50 – 100°C) due to surface water evaporation. At 100°C, weight loss in delignified 
jute fiber, viscose fiber, α-Cel, JC-125-30, and VC-125-30 was 4.3%, 14.11%, 7.9%, 7.6%, and 
7.1% respectively. Onset temperatures highlighted the highest thermal stability in delignified jute 
fibers and JC-125-30. For the rest, thermal stability followed the order α-Cel > VC-125-30 > 
viscose fibers. Rapid pyrolysis occurred at 250 – 350°C, was related to hemicellulose and 
glycosidic bond decomposition. Cellulose decomposed between 320°C and 390°C. At 600°C, 
weight loss was 97%, 92%, 92%, 95%, and 90% for delignified jute fiber, viscose fiber, α-Cel, JC-
125-30, and VC-125-30, respectively. α-Cel exhibited the highest decomposition rate at 340°C, 
with lowest Tdmax in VC-125-30 and viscose fibers compared to jute-based samples due to high-
temperature acid treatment. 
 

  
Figure 4. a) TGA b) DTG graphs of cellulose particles 

 
Figure 5 displays the XRD diffraction patterns of α-Cel, JC-125-30, and VC-125-30. XRD pattern 
of VC-125-30 aligns with cellulose II, while JC-125-30 and α-Cel correspond to cellulose I 
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patterns [6, 7]. Peaks at 2θ = 13.3°, 20.6°, and 22.2° were observed for VC-125-30, while JC-125-
30 displayed peaks at 2θ = 15.6°, 16.4°, 22.4°, and 23.0°. α-Cel exhibited these peaks at 2θ = 15.1°, 
16.7°, 22.7°, and 23.1°. The lattice peak intensity between 2θ = 22° and 23° for JC-125-30 was 
higher compared to VC-125-30 and α-Cel. However, the amorphous region's diffraction intensity 
(2θ = 18° to 19°) was lower in cellulose particles (VC-125-30) from viscose fibers than jute (JC-
125-30), likely due to differences in chain packing during viscose processing. 
 

 
Figure 5. XRD graphs of α-Cel, VC-125-30, and JC-125-30 

 
The degree of polymerization (DP) of viscose fibers and delignified jute fibers were measured as 
341 ± 92 and 606 ± 27, respectively. Cellulose particles obtained from viscose exhibited a lower 
average DP compared to that of jute as longer processing time led to a reduction in DP. The DP 
values of the cellulose products were lower than that of the commercial product (α-Cel). Notably, 
the VC-125-30 sample showed the lowest DP among the cellulose particles produced (63 ± 11). 
 
Moisture content of cellulose particles from cellulosic fiber wastes and commercial α-Cel is also 
determined. Cellulose particles from viscose and jute wastes exhibited moisture content of 7.34 ± 
0.98% and 5.75% ± 1.22%, respectively. α-Cel showed lower moisture content compared to the 
cellulose particles (3.65 ± 0.19%). 
 
4. CONCLUSION 
 
In this study, waste products derived from viscose and jute-based textiles were utilized in the 
production of micro cellulose particles through a mechanical grinding-assisted treatment involving 
nitric acid and acetic acid. Optimal conditions determined at 125°C for 30 minutes resulted in 
reduced particle size and improved homogeneity. Cellulose particles exhibited similar properties 
under these conditions, with viscose-based particles having slightly smaller average size but higher 
moisture retention. The obtained cellulose particles displayed favorable chemical and thermal 
properties, suggesting their potential as fillers in composites and environmentally friendly 
adsorbents, utilizing the abundant and cost-effective nature of cellulose. 
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ABSTRACT 
 
The study focuses on the influence of the physico-chemical properties of Poly(vinyl alcohol) (PVA) on the ability to 
obtain an electrospun nonwoven mat for wound dressings. The type of PVA, characterized by different molecular 
weights (Mw) and degrees of hydrolysis (DH), directly affects the physical and chemical properties, working 
concentration, fibre morphology, cross-section, and bead formation during electrospinning. In this study, PVA with 
different Mw and DHs are used. The viscosity of the PVA solutions was measured and data was used to determine the 
intrinsic viscosity (η), and the Berry number (ηC) for each PVA type and concentration. SEM analysis was used to 
observe the surface morphology of the electrospun PVA mats, and image analysis techniques were used to evaluate 
the size distribution and fibre orientation. Results indicate that PVA solution viscosity rises with greater concentration 
and Mw. PVA concentration impacts electrospun mat morphology, yielding beaded fibres at lower concentrations and 
beadless fibres at higher concentrations. DH affects both viscosity and mat morphology, leading to increased viscosity 
and altered spinnability with higher DH. 
 
Key Words: electrospinning, electrospraying, poly(vinyl alcohol), viscosity, molecular weight 
 
1. INTRODUCTION 
 
Electrospinning is a valuable method for creating nanofibrous surfaces with remarkable 
mechanical properties, large surface areas, and nanoscale diameters. PVA is an ideal choice for 
medical textile applications due to its low cytotoxicity, strong biocompatibility, and ease of 
electrospinning without the use of hazardous solvents [1]. The properties of electrospun PVA are 
greatly influenced by its Mw and DH, impacting physical and chemical characteristics, working 
concentration, fibre morphology, cross-section, and the occurrence of bead formation [2]. Lee et 
al. found that higher Mw PVA produces superior physical characteristics, enhancing stability and 
mechanical strength of electrospun mats [3]. Peresin et al. noted a significant increase in the degree 
of crystallinity of electrospun PVA due to improved crystallization under high shear stresses, 
although the polymer matrix's structure remained unaffected [4]. Additionally, Restrepo et al. 
reported that PLA/PVA blends with higher Mw and PVA hydrolysis levels exhibited superior 
thermal stability [5]. Considering the multi-disciplinary nature of PVA, it is notable that there 
exists limited research explicitly investigating the impact of physico-chemical parameters within 
PVA solutions on the fabrication of electrospun structures. This study aims to address this research 
gap by examining the complex cooperation between Mw and DH within PVA solutions. Our 
research contributes new perspectives to the expanding field of PVA-related studies. 
Understanding these relationships is crucial for optimizing electrospun mats, particularly for 
applications such as wound dressings, tissue engineering, and drug delivery systems. This study 
investigates the influence of PVA's physico-chemical properties on electrospun nonwoven mats 
before their functionalization with essential oils for wound dressing applications, exploring 
viscosity, concentration, and fibre morphology using both literature insights and experimental 
results. 
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2. MATERIALS AND METHODS 
 
PVA samples with five distinct Mws, ranging from 9,000 to 130,000 g/mol, and degrees of 
hydrolysis (DH) spanning from 80% to 99%, were sourced from Sigma-Aldrich for use as the 
polymer in electrospun mats. Prior to electrospinning, PVA aqueous solutions were prepared 24 
hours prior using a vertical setup with a single 22-gauge stainless-steel nozzle. Taylor cone 
formation was monitored through a digital camera under different working parameters, including 
PVA concentration and Mw variations (PVA-1: 22.5%, 25%, and 27.5% w/v; PVA-2: 15%, 
17.5%, and 20% w/v; PVA-3: 11%, 12.5%, 15%, 17.5%, and 20% w/v; PVA-4: 7.5%, 10%, and 
12.5% w/v; PVA-5: 4%, 5%, 6%, and 7% w/v in distilled water and a distilled water/HAc mixture). 
Voltage (16, 18, and 20 kV), tip-to-collector distance (10, 15, and 20 cm), and flow rate (0.5, 0.7, 
and 1 mL/h) were among the applied parameters. Once optimal Taylor cone parameters were 
determined for each solution, PVA surfaces were deposited onto a static collector. 
 
The kinematic viscosity of PVA solutions was determined using an Ubbelohde viscometer, and 
intrinsic viscosity ([η]) was calculated using the Huggins-Kramer extrapolation [6]. Viscosity 
measurements at different shear rates (1.9-1000 s-1) were conducted using a rotational viscometer 
at room temperature. Scanning electron microscopy (SEM) was employed to examine surface 
morphology, and image analysis determined size distribution. To assess the orientation distribution 
of nanofibre mats, a fibre orientation and alignment calculator based on Barocas' function was 
used. This technique utilizes fast Fourier transform (FFT) to analyse SEM micrographs, calculating 
fibre orientation tensors and anisotropy indices (α= 1-λ1/λ2) [7]. α serves as an indicator for fibre 
orientation, where α=0 signifies a completely random distribution of nanofibres, while α=1 
represents a perfectly aligned distribution. 
 
3. RESULTS AND DISCUSSION 
 
The Mw of commercially available PVA typically is generally between 9,000 and 186,000 g/mol. 
PVA solution viscosity increases with concentration, impacting the electrospinning process. 
Excessively viscous solutions can lead to beaded fibre formation, while insufficient viscosity 
prevents jet development and fibre growth. Colby et al. [9] identified four concentration regimes, 
i.e., (i) diluted, (ii) semi-dilute unentangled, (iiii) semi-dilute entangled, and (iv) concentrated. The 
critical concentration (C*) marks the transition to the semi-dilute unentangled regime, where 
beaded fibres form. The entanglement concentration (Ce) signifies a significant viscosity increase, 
ensuring consistent bead-free fibres. Highly viscous solutions can cause issues during feeding [10, 
11]. Viscosimetric properties are provided in Table 1. The critical concentration (C*) was 
calculated as 1/[η], and the transition from semi-dilute untangled to entangled regimes was 
determined from viscosity vs. shear rate graphs. Gupta et al. [12] various c/C* values for different 
solution regimes, including dilute (c/C*<1), semi-dilute unentangled (1< c/C* <3), semi-dilute 
entangled (3< c/C* < 6), entanglement concentration (Ce) (c/C* > 6), and highly concentrated 
solutions (C**= c/C* > 10). Above C**, fibres become significantly concentrated, increasing in 
diameter and losing their circular cross-section. Notably, the theoretical crossover value of semi-
dilute untangled to entangled regimes (c*) was higher than the experimentally determined value. 
The viscosity of PVA solutions is directly related to PVA concentration, impacting entanglement. 
As PVA concentration increases, viscosity rises (Figure 1). Distinct slopes in the viscosity-
concentration curve correspond to different PVA samples (PVA-1, PVA-2, PVA-3, PVA-4, PVA-
5, and PVA-5-HAc), marking the transition from diluted to semi-diluted regimes. Increased 
concentration leads to greater entanglement. Concentrations above the entanglement concentration 
(Ce) were used for electrospinning experiments [12]. Viscosity influences the formation and 
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stability of the polymer jet and resulting mat. Morphologies of electrospun PVA mats were 
compared with literature based on Mw and Berry number (Be=[η]C). Be indicates chain 
entanglements, with Be>1 denoting entanglement. Be values between 4 and 9 result in beaded 
fibres, while Be around 9 leads to beadless fibres [8]. In our study, beaded fibres were observed at 
Be values between 4.6 and 8.6. Beadless nanofibres were achieved with higher Mw PVA (Mw 
31,000 and 61,000) at Be values of 7.2 to 10.8. To reduce Ce for high Mw PVA (130,000), acetic 
acid (HAc) was introduced, increasing electrical conductivity [13]. However, higher conductivity 
may lead to an unstable cone jet mode due to Coulomb repulsion [14]. A bead-free nanofibrous 
surface was achieved with 5% PVA-5 (7/3 distilled water/HAc) at Be=5.3, lower than beadless 
nanofibres produced with water alone. 
 

Table 1. Viscosimetric parameters for PVA solutions 
 

PVA 
[η] 

kH 

Experimental Gupta et al. (2005)[12] 
Ce c/C*<1 1< c/C* <3 Ce C** 

dL/g g/dL g/dL g/dL g/dL g/L 
PVA-1 0.234 0.641 16.5 4.3 12.8 25.6 42.7 
PVA-2 0.291 0.489 10 3.4 10.3 20.6 34.4 
PVA-3 0.447 1.146 7.5 2.2 6.7 13.4 22.4 
PVA-4 0.514 1.156 6.25 1.9 5.8 11.7 19.5 
PVA-5 0.960 0.830 4.25 1.0 3.1 6.3 10.4 

PVA-5 HAc 1.318 0.524 3.25 0.8 2.3 4.6 7.6 

 

 

 
Figure 1. Viscosity (mPa.s) of the (a) PVA-1 and (b) PVA-2 (c) PVA-3 and (d) PVA-4 (e) PVA-5 in distilled water 

and (f) PVA-5 in Hac solution vs. PVA concentration (w/v%) 

(a) (b) 

(c) (d) 

(e) (f) 
Ce 

Ce 

Ce Ce 

Ce Ce 
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Experimental parameters and literature were used to define three zones: semi-dilute entangled (I), 
semi-dilute unentangled (II), and dilute (III) (Figure 2.b). PVA Mw was considered, and DH 
significantly influenced solution viscosity and electrospun mat morphology. Generally, higher DH 
led to higher viscosities [14]. Some outliers occurred due to unknown PVA Mws and varying DHs. 
Beaded fibre structures were obtained with PVA 2 (Mw 31,000) at concentrations of 15-20%, 
likely due to high solution viscosity. Similar observations in the literature suggest high viscosity 
as the reason for beadless fibre formation with medium Mw PVA (50,000–85,000; DH: 97%) at 
lower polymer concentrations. 
 

Table 2. The theoretical intrinsic viscosity [η] and Berry number, [η]C, for different PVA Mws and experimental 
concentrations (C) 

 

PVA Type 
[η] 

(dL/g) 
C 

(g/dL) 
[η]C 

C 
(g/dL) 

[η]C 
C 

(g/dL) 
[η]C 

PVA-1 0.21 22.5 4.6 25 5.1 27.5 5.6 
PVA-2 0.43 15.0 6.5 17.5 7.5 20 8.6 
PVA-3 0.66 11.0 7.2 12.5 8.2 --- --- 
PVA-4 0.86 7.5 6.5 10.0 8.6 12.5 10.8 

PVA-5-HAc 1.06 5.0 5.3 --- --- --- --- 

The Mark-Houwink equation was used for the intrinsic viscosity: [η]=KMw
a, K=6.51×10−4 and 

a=0.628 [2] 
 
Figure 3 presents SEM micrographs of electrospun fibres classified into three distinct 
morphologies, i.e., (i) beaded, (ii) spindle, and (iii) beadless. Beaded fibres exhibit periodic or 
irregular bead-like structures along their length, spindle fibres feature a central thick region 
tapering towards the ends, while beadless fibres maintain a smooth and continuous profile. Lower 
Mw samples (MW: 9,000-10,000 at 22.5 wt%, 25 wt%, and 27.5 wt%; MW: 31,000 at 15 wt%, 
17.5 wt%, and 20 wt%) showed beaded fibre formation with particle-to-fibre diameter ratios 
ranging from 5.4 to 13.0. At 20 wt% concentration for MW: 31,000, spindle fibres emerged, 
resulting in particle-to-fibre size ratios of 3.4-4.2. A similar trend was observed with MW: 89,000-
98,000 at 7.5 wt%, yielding a ratio of 4.3 and spindle-like fibre morphology. In contrast, MW: 
61,000 at 11 wt% and 12.5 wt%, MW: 89,000-98,000 at 10 wt% and 12.5 wt%, and MW: 130,000 
at 5 wt% produced uniform fibres in nanoscale diameters with circular cross-sections, without 
beads. However, when using MW: 61,000 at a concentration of 12.5 wt%, the viscosity increased 
significantly, making it difficult to continue the fibre spinning process, eventually making 
electrospinning impractical. 

  
Figure 2. Morphologies obtained by different concentrations of PVA on different Mw a) Berry number vs Mw b) 

concentration (wt%) vs MW (g/mol) 
 

I 

II 
III 

I: Semi-dilute entangled regime 
II: Semi-dilute unentangled regime 
III: Dilute unentangled regime 

(a) (b) 
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Challenges during PVA-3 electrospinning likely stem from its significantly higher surface tension 
compared to other PVAs (p≤0.05). Beaded PVA fibres displayed average diameters ranging from 
58-106 nm, while uniform fibres measured 161 ± 28 nm (MW: 61,000 at 11 wt%, FR: 0.5 mL/h, 
TCD: 10 cm), 206 ± 33 nm (MW: 89,000-98,000 at 12.5 wt%, FR: 0.5 mL/h, TCD: 10 cm), and 
219 ± 90 nm (MW: 130,000 at 5 wt%, FR: 1 mL/h, TCD: 15 cm). Generally, fibre diameter 
increased with higher Mw and concentration at the same Mw, consistent with literature reports [2, 
8]. Beaded fibres exhibited circular cross-sections and smaller average diameters compared to 
beadless fibres. Notably, the use of an 18-gauge needle and higher voltage (30 kV) in similar 
vertical setups led to thicker fibres due to increased mass flow [15]. 

 
Figure 3. SEM micrographs of PVA electrospun mats with different concentration (wt%) and MW (g/mol) 

 
Viscosity plays an important role in fibre formation and morphology, directly influenced by 
solution concentration and polymer Mw. Figure 4 illustrates PVA fibre morphology in relation to 
Mw, concentration, and viscosity. The data does not exhibit distinct groupings. Notably, low Mw 
PVA (Mw: 9,000-10,000 g/mol) failed to produce beadless fibres even at high viscosity (776 
mPa.s). To achieve non-beaded fibres, a viscosity of 399 mPa.s or higher is required, particularly 
for medium and high Mw PVA (Mw > 61,000 g/mol). However, it's essential to consider the DH. 
PVA with Mw: 9,000-10,000 g/mol has the lowest DH (80%), indicating a higher proportion of 
vinyl acetate monomers. The presence of acetyl groups in PVA can impact alcohol group 
interactions, potentially altering electrospinning conditions due to reduced hydrophilicity. The 
findings on the orientation show that regardless of various production parameters and PVA types, 
there is no significant variation in fibre alignment on the resulting web-like PVA surfaces  
 
4. CONCLUSION 
The physico-chemical properties of PVA, including Mw, DH, and concentration, significantly 
influence electrospinning and nonwoven mat morphology. Higher Mw PVA tends to yield 
beadless fibres, even at high viscosity, while lower Mw PVA can form beaded fibres. DH also 
affects fibre morphology due to altered hydrophilicity. Various morphological structures, 
including beads, beaded fibres, and fibres, can be produced by PVA with different 
physicochemical properties. In this study, beadless fibres had diameters ranging from 50-220 nm, 
while beaded fibres were finer (57-80 nm) and accompanied by nanosized particles. The particle-
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to-fibre diameter ratio ranged from 5.4 to 13.0, with a transition to spindle fibres occurring at a 
rate of 4.3. Transition points among morphologies varied among PVAs, indicating the influence 
of DH. Further research is required to elucidate the relationships between these parameters. For 
medical applications involving essential oils, PVA-2 at 15-20 w/v% with a beaded fibre structure, 
and PVA-4 at 10-12.5 w/v% and PVA-5-HAc at 5 w/v% with nanofibrous structures were chosen 
as optimal formulations. Overall, precise adjustments of Mw, concentration, and DH allow for the 
control and optimization of PVA nanofibre electrospinning and morphology, enabling the 
production of tailored nanofibre structures for specific applications.  
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ABSTRACT 
 
This paper presents the Layer-by-Layer self-assembly (LbL) approach to enhance the UV resistance of aramid yarns. 
Initially, a pretreatment was carried out by applying catechol-polyamine to create a strong adhesive molecular anchor 
on the aramid yarns. Subsequently, cerium dioxide nanoparticles were self-assembled onto these yarns through the 
LbL process. The findings suggest that the LbL nano-coating holds promise in improving both the UV resistance and 
tensile properties of the aramid yarns. This study underscores the potential opportunities provided by the LbL 
methodology, enabling the modification of aramid-based materials under mild conditions, and offering effective UV 
protection. 
 
Key Words: Aramid, UV resistance, Layer by Layer self-assembly, nanocoating 
 
1. INTRODUCTION 
 
Aramid fiber is one of the key materials in numerous cutting-edge fields owing to its outstanding 
integrated performances, especially high strength. However, aramid fiber suffers from poor UV 
resistance which deteriorates its superior mechanical properties [1, 2]. From a strategic standpoint, 
severe UV-induced strength losses are unacceptable due to the special requirements in application 
fields like space, aviation, and defense. Therefore, minimizing these damages with UV protective 
coatings is of great interest both in academia and industry. The fact remains that the inert nature 
of aramid fibers makes coating a very challenging task. Hence, prior to any surface treatment, 
aramid fiber is mostly pretreated with acid or alkali, which results in fiber damage [1,2]. Likewise, 
semiconductors with strong UV absorption pose the risk of damaging the aramid fibers themselves 
since they are also photocatalysts [3]. Thus, the main challenge is not only developing a robust UV 
protective coating but also readily integrating it without compromising the mechanical properties 
of aramid fibers.  
 
Currently, most methods promising effective results are unfortunately complicated, difficult or 
require special machinery [4, 5]. In contrast, the Layer by Layer (LbL) self-assembly approach, 
has been demonstrated to be a simple yet highly versatile and powerful strategy to exceed 
limitations in the existing UV protective modifications of aramid-based materials [6, 7]. 
Furthermore, utilization of the mussel-inspired surface chemistry, synthetic polymers with 
catechol and polyamine functionalities, has proven to be an efficient and practical approach for 
material-independent LbL deposition into inert surfaces such as aramid fibers [8,9]. This study 
puts particular emphasis on expanding opportunities of LbL technology with the goal of enhancing 
the UV resistance of aramid materials while minimizing fiber damage. Instead of using abrasive 
pretreatments, we propose a mussel-inspired coating approach for the LbL self-assembly of UV-
protective nanoparticles onto aramid fibers. This approach offers a relatively easy, gentle, and eco-
friendly UV protection alternative for aramid fibers. 
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2. MATERIAL AND METHOD 
 
2.1 Material 
 
Para-aramid multifilament yarns (DuPont Kevlar 49, 620 dtex) were purchased from Kipaş 
Textiles (Türkiye). Catechol and tetraethylenepentamine (TEPA) were purchased from Sigma 
Aldrich (Türkiye), sodium hydroxide (NaOH) and hydrochloric acid (HCl) were purchased from 
Merck (Türkiye). CeO2 nanoparticles (8-28 nm) were purchased from Nanografi Nano Technology 
(Türkiye). 
 
2.2. Method 
 
2.2.1 Pretreatment 
 
A CPA aqueous solution consisting of catechol (30 mM) and tetraethylenepentamine (10 mM) was 
prepared by 1-hour ultrasonication in an open container, and the resultant pH was 8.93. Aramid 
yarns were immersed in the CPA solution for 24 hours and then dried for 10 minutes at 100 °C.  
 
2.2.2 Layer-by-Layer nanocoating 
 
Aqueous anionic (pH 11) and cationic (pH 4) dispersions of CeO2 nanoparticles (1 g/L) were 
prepared by 1-hour ultrasonication adjusting pH with NaOH and HCl, respectively. CPA coated 
aramid yarns were dipped into these anionic and cationic CeO2 dispersions, respectively and 
washed in each sequential step. Ten layers of CeO2 nano coatings were obtained on aramid yarns 
by repeating this cycle at room temperature and dried for 10 minutes at 100 °C. 
 
2.3 Characterizations and Tests 
 
Accelerated UV aging treatment were conducted for 96 hours based on TS EN ISO 4891-3 
standard (cycle 1) at ATLAS C1005 UV test machine. The UV–Vis absorption spectra of CPA 
solution (diluted 1/50 with DI water) were measured at 1 hour and 24 hours with a wavelength 
scan range of 200–600 nm in a quartz cuvette. To assess CPA polymerization, absorption of 
aqueous sole catechol was also measured after 1 hour (resultant pH ~5.5). Fourier transform 
infrared spectroscopy data was recorded in attenuated total reflectance mode (FTIR-ATR) with a 
spectral resolution of 4 cm−1, a wave number range of 600 ~ 4000 cm−1, number of scans of 25. 
The surface chemical composition of aramid fibers was investigated by X-ray photoelectron 
spectroscopy (XPS). The morphologies of the aramid yarns were observed using a Scanning 
Electron Microscope (SEM) before and after UV aging. The tensile properties of aramid yarns 
were measured according to ASTM D2256M-21. Samples are coded as follows: K49 for untreated, 
CPA for CPA coated, and CPACe for CeO2 coated yarns. After UV aging, they were designated 
with a '-UV' suffix. 
 
3. RESULTS 
 
UV-Vis measurement results are depicted in Figure 1. The absorption of catechol at 220 and 275 
nm can be attributed to the π→π∗ transition associated with an aromatic ring and the n→π∗ 
transition involving the lone pairs of the hydroxyl substituent [10]. A new broad absorption peak 
at 362 nm for CPA solutions can be attributed to catechol-amine reactions followed by quinone-
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mediated oxidation [9,11]. Furthermore, the decreasing intensity of the shoulder peak at 325 nm 
after 24 hours, possibly due to the oxidation of catechol into o-quinone [12], together with the 
developing peak at 478 nm, may indicate that quinone is consumed via Schiff base reaction [13, 
14]. The UV-Vis spectrum of the CPA solution confirms polymerization, as evidenced by evolving 
catechol-amine reactions, and indicates the presence of favorable conditions for implementing a 
material-independent LbL coating. 
 

  
 

Figure 20. UV-Vis absorbance spectrum of catechol and CPA solutions a) 200-600 nm and b) 300-600 nm 
 
The FTIR-ATR measurement results are displayed in Figure 2. The FTIR spectra exhibit specific 
amide-related peaks at around these wavenumbers: ~3310 cm⁻¹ (Amide A), ~1640 cm⁻¹ (Amide 
I), ~1538 cm⁻¹ (Amide II), ~1305 cm⁻¹, ~1250 cm⁻¹, and ~1227 cm⁻¹ (Amide III), ~725 cm⁻¹ 
(Amide IV), ~655 cm⁻¹ (Amide V) [15-17]. Additionally, bands at 822 cm⁻¹ and 1018 cm⁻¹ are 
characteristic of C–H out-of-plane and in-plane bending vibrations, respectively, affirming para-
substitution in aramid [18]. The absorption bands at ~1510 cm⁻¹ and ~1397 cm⁻¹ might be 
attributed to the C=C [18] and C–C vibrational modes in benzene [15], respectively, while 1109 
cm⁻¹ can be assigned to C–O stretching vibrations [19].  
 

 
 

Figure 21. FTIR-ATR spectra of aramid yarns before and after UV aging 
 
There is a slight increase in the relative intensity of Amide A/Amide I, suggesting CPA deposition 
on the fibers [9]. Nevertheless, it should be noted that the signal from K49, representing the fiber 
substrate, was overwhelming. Determining the presence of the CPA coating was challenging due 
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to the overlapping bands, such as Amide A, O–H stretching vibration of catechol, and N–H 
stretching vibration of TEPA [20]; the Amide I region, and possibly the C=N stretching vibration 
from the Schiff base reaction [20, 21]; the Amide II region, and the bending vibration of N–H in 
TEPA [20, 22]. 
 
After UV aging, the ratios of Amide I/Amide II and Amide I/Amide III in the CPA coating 
appeared to increase substantially, in contrast to the decreasing trend observed in K49. This 
phenomenon may result from the breakage of C–N bonds in the main chain of aramid fiber, 
followed by chain end group oxidation, the disruption of hydrogen bridges between C=O and N–
H groups on adjacent chains, and/or partial chain scission, leading to the generation of amide and 
N–H groups [16, 23]. The increase in the case of the CPA coating may indicate an increasing 
oxidation of catechol species with UV light [9] and some dissociation of amine chains in TEPA. 
Overall, these distinctions observed during UV aging seem to indirectly confirm the effectiveness 
of the CPA coating. However, it is essential to assess both the individual and combined effects of 
photo-oxidation on catecholamine moieties and aramid yarns due to similarities in molecular units. 
On the other hand, the CPACe coating remained almost unchanged, implying that the CeO2 coating 
can protect the molecular structure from chain rupture caused by UV radiation. 
 
XPS survey analysis and C1s core-level spectra for both K49 and CPACe samples are depicted in 
Figure 3. In both samples, the C1s, O1s, and N1s peaks were found in the wide-scan spectra at 
~285, ~532, and ~400 eV, respectively. However, the Ce3d peak (~900 eV) was only seen in the 
CPACe survey spectrum, proving the LbL CeO2 coating. Other species (Na1s and P2p for K49, 
and Si2p for CPACe) may have been introduced during the manufacturing of aramid fibers and/or 
could be related to contamination. The deconvolution analysis of the C1s peak of K49 revealed 
four distinct peaks: C–C (~284.6 eV), C–N (~285.8 eV), C=O (~287.5 eV), and O–C=O (~288.6 
eV). Notably, a C–O peak (~286.8 eV) was observed for CPACe, suggesting catechol deposition, 
as previously reported [9]. Furthermore, the O/C ratio decreased, while the N/C ratio increased. 
This finding may support the UV-vis results that suggest aliphatic amines favor Schiff base 
reactions. 
 

 
 

Figure 22. XPS spectra survey data and C1s core-level spectra of K49 and CPACe 
 
SEM images of aramid yarns collected at 5000x magnification are displayed in Figure 4, showing 
K49, K49-UV, CPACe, and CPACe-UV in that sequence. Some small grooves are uniformly 
distributed along the fiber's longitudinal axis (K49), indicating axial orientation [24, 25]. 
Punctiform stains attributed to the fiber production process are also noticed [26]. UV irradiation 
has little effect on the morphology of K49, suggesting inadequate UV aging, but it also implies 
that the sizing applied during the manufacturing process supplied some degree of protection. On 
the fiber surface, a dense CPA coating is apparent, followed by the deposition of CeO2 
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nanoparticles. UV radiation appears to increase the density of the CPA coating layer and promote 
stronger adhesion to the fiber, consistent with prior observations [27].  Furthermore, surface cracks 
are evident in the CPA coating layer, and UV light seems to cause the nanoparticles to flatten and 
embed into the CPA. In the case of CPACe, the CPA layer may serve a dual purpose: acting as a 
sacrificial layer to protect against direct UV light damage and mitigating potential harm from the 
photocatalytic activity of CeO2 nanoparticles. 
 

 
 

Figure 23. SEM images of aramid yarns from left to right: K49, K49-UV, CPACe, CPACe-UV 
 
The tensile properties of aramid yarns, specifically tenacity at break (cN/dtex) and tensile strain 
extension at break (%), are presented in Figure 5. The CPA coating initially increases the tenacity 
of K49, but subsequent LbL coating appears to reduce it, almost returning to its original value. 
This effect may be attributed to the use of acid and alkali in the LbL coating process for pH 
adjustment. Following UV aging, both K49 and CPA samples exhibit similar tenacity, indicating 
that the CPA coating is very thin and insufficient to protect K49 against UV light. However, both 
show a tensile strength retention of 85%, which is surprisingly good when compared to the 
typically reported value of 75% [1, 2, 5, 7]. This can likely be attributed to the relatively shorter 
UV aging test duration (96 hours) in comparison to previous studies (168 hours). In the case of 
CPACe, tenacity is preserved at 93%, validating the efficacy of the LbL nanocoating. Regarding 
extension percentages, both the CPA and CPACe coatings seem to be less affected by UV light 
than K49. 
 

 
 

Figure 24. Tensile strength and strain values of aramid yarns before and after UV aging 
 
4. CONCLUSIONS 
 
This preliminary study highlights the potential of material-independent Layer-by-Layer self-
assembly technology in the UV protective modification of aramid-based materials. The findings 
demonstrate that the use of mussel-inspired surface chemistry provides a strongly adhesive 
sublayer, effectively overcoming the inert nature of aramid fibers without the need for abrasive 
pretreatments. This opportunity was effectively utilized in the self-assembly of CeO2 nanoparticles 
on CPA-coated aramid yarns, and the effectiveness of the LbL process was confirmed through 
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FTIR-ATR, XPS, and SEM findings. Tensile tests confirm the feasibility of creating nanocoatings 
via the LbL technique, ensuring high UV protection without compromising aramid fiber tensile 
properties. 
In conclusion, the LbL self-assembly approach holds promise in addressing current limitations and 
challenges associated with coating aramid fibers using molecular anchors with strong adhesion to 
virtually any substrate. Therefore, it is considered highly suitable for achieving high protection 
rates through an easy, simple, and sustainable route in the UV protective modification of aramid-
based materials. However, further comprehensive investigations are needed to elucidate the UV 
protection mechanism and to further expand the opportunities offered by LbL, thereby developing 
a robust and sustainable UV protection system for aramid fibers. Different LbL applications 
providing protection across the entire UV spectral range are currently in the development stage, 
and we hope to share them soon. 
 
ACKNOWLEDGMENT 
 
This study is submitted as a part of TÜBİTAK project number 122M578, and the Turkish Council 
of Higher Education 100/2000 doctoral scholarship of Yeşim Ünvar. 
 
REFERENCES 
 
[1] ZHU, J., YUAN, L., GUAN, Q., LIANG, G., GU, A. A novel strategy of fabricating high 
performance UV-resistant aramid fibers with simultaneously improved surface activity, thermal 
and mechanical properties through building polydopamine and graphene oxide bi-layer coatings. 
Chemical Engineering Journal, 2017, 310, 134-147. 
[2] ZHANG, H., LIANG, G., GU, A., YUAN, L. Facile preparation of hyperbranched 
polysiloxane-grafted aramid fibers with simultaneously improved UV resistance, surface activity, 
and thermal and mechanical properties. Industrial &amp; Engineering Chemistry 
Research, 2014, 53 (7), 2684-2696. 
[3] YASUKAWA, A., TAMURA, J. Preparation and structure of titanium-cerium-calcium 
hydroxyapatite particles and their ultraviolet protecting ability. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 2021, 609, 125705. 
[4] CHEN, F., ZHAI, L., YANG, H., ZHAO, S., WANG, Z., GAO, C., ZHOU, J., LIU, X., YU, 
Z., QİN, Y., XU, W. Unparalleled armour for aramid fiber with excellent UV resistance in extreme 
environment. Advanced Science, 2021, 8 (12), 2004171. 
[5] CAI, H., SHEN, D., YUAN, L., GUAN, Q., GU, A., LIANG, G. Developing thermally 
resistant polydopamine@ nano turbostratic BN@ CeO2 double core-shell ultraviolet absorber with 
low light-catalysis activity and its grafted high performance aramid fibers. Applied Surface 
Science, 2018, 452, 389-399. 
[6] ÜNVAR, Y., SARIIŞIK, A.M. and UĞUR, Ş.S. Layer by layer self-assembly approach in the 
UV protective modification of aramid-based materials. In 8th International Technical Textiles 
Congress: Proceedings Book, Edited By ALPYILDIZ, T. Online: Dokuz Eylül University, Faculty 
of Engineering, Department of Textile Engineering, October, 2022, 48-53. 
[7] ZHOU, L., YUAN, L., GUAN, Q., GU, A., LIANG, G. Building unique surface structure on 
aramid fibers through a green layer-by-layer self-assembly technique to develop new high 
performance fibers with greatly improved surface activity, thermal resistance, mechanical 
properties and UV resistance. Applied Surface Science, 2017, 411, 34-45. 
[8] LEE, H., LEE, Y., STATZ, A. R., RHO, J., PARK, T. G., & MESSERSMITH, P. B. Substrate‐
independent layer‐by‐layer assembly by using mussel‐adhesive‐inspired polymers. Advanced 
materials, 2008, 20 (9), 1619-1623. 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

392 
 

[9] WANG, L., SHI, Y., CHEN, S., WANG, W., TIAN, M., NING, N., ZHANG, L. Highly 
efficient mussel-like inspired modification of aramid fibers by UV-accelerated catechol/polyamine 
deposition followed chemical grafting for high-performance polymer composites. Chemical 
Engineering Journal, 2017, 314, 583-593. 
[10] OFNER, J., KRÜGER, H. U., GROTHE, H., SCHMITT-KOPPLIN, P., WHITMORE, K., & 
ZETZSCH, C. Physico-chemical characterization of SOA derived from catechol and guaiacol–a 
model substance for the aromatic fraction of atmospheric HULIS. Atmospheric Chemistry and 
Physics, 2011, 11 (1), 1-15. 
[11] HONG, S., SCHABER, C. F., DENING, K., APPEL, E., GORB, S. N., & LEE, H. Air/Water 
Interfacial Formation of Freestanding, Stimuli‐Responsive, Self‐Healing Catecholamine Janus‐
Faced Microfilms. Advanced Materials, 2014, 26 (45), 7581-7587. 
[12] XU, Y. C., TANG, Y. P., LIU, L. F., GUO, Z. H., & SHAO, L. Nanocomposite organic 
solvent nanofiltration membranes by a highly-efficient mussel-inspired co-deposition 
strategy. Journal of Membrane Science, 2017, 526, 32-42. 
[13]  WU, J., ZHANG, L., WANG, Y., LONG, Y., GAO, H., ZHANG, X., ... & XU, J. Mussel-
inspired chemistry for robust and surface-modifiable multilayer films. Langmuir, 2011, 27 (22), 
13684-13691. 
[14] SENUSI, F., NASUHA, N., HUSAİN, A., ISMAIL, S. Synthesis of catechol-amine coating 
solution for membrane surface modification. Environmental Science and Pollution Research, 
2022, 1-11. 
[15]  SOHBATZADEH, F., SHAKERINASAB, E., & MIRZANEJHAD, S. Surface modification 
of aramid yarn by atmospheric pressure plasma: Reinforcement and floating properties. Polymer 
Testing, 2023, 117, 107836. 
[16] ZHANG, H., ZHANG, J., CHEN, J., HAO, X., WANG, S., FENG, X., & GUO, Y. Effects of 
solar UV irradiation on the tensile properties and structure of PPTA fiber. Polymer degradation 
and stability, 2006, 91 (11), 2761-2767. 
[17] AZPITARTE, I., ZUZUARREGUI, A., ABLAT, H., RUIZ-RUBIO, L., LOPEZ-ORTEGA, 
A., ELLIOTT, S. D., & KNEZ, M. Suppressing the thermal and ultraviolet sensitivity of Kevlar 
by infiltration and hybridization with ZnO. Chemistry of Materials, 2017, 29 (23), 10068-10074. 
[18] MOSQUERA, M. E., JAMOND, M., MARTINEZ-ALONSO, A., & TASCON, J. M. 
Thermal transformations of Kevlar aramid fibers during pyrolysis: infrared and thermal analysis 
studies. Chemistry of materials, 1994, 6 (11), 1918-1924. 
[19] ZHANG, L., KONG, H., QIAO, M., DING, X., & YU, M. Supercritical CO2-induced 
nondestructive coordination between ZnO nanoparticles and aramid fiber with highly improved 
interfacial-adhesion properties and UV resistance. Applied Surface Science, 2020, 521, 146430. 
[20] LI, D., YANG, Z., YANG, J., XU, X., WANG, X., WANG, J., ... & XU, J. Application of a 
Catechol-Polyamine Co-Deposition method for synthesis of Heteroatom-Doped carbon 
nanomaterials. Chemical Engineering Journal, 2022, 429, 132363. 
[21] BOUKHIR, M., WANG, W., CHEN, Z., ZHANG, K., ZHANG, S., & SONG, W. Low-cost 
mussel inspired poly (catechol/polyamine) coating of bamboo fibers surface and its use as a 
reinforcement of PLA matrix. European Journal of Wood and Wood Products, 2023, 1-16. 
[22] FANG, Z., TU, Q., CHEN, Z., SHEN, X., PAN, M., LIANG, K., & YANG, X. Study on 
catechol/tetraethylenepentamine and nano zinc oxide co‐modifying ultrahigh molecular weight 
polyethylene fiber surface to improve interfacial adhesion. Polymers for Advanced Technologies, 
2022, 33 (12), 4072-4083. 
[23] NASCIMENTO, R. F., DA SILVA, A. O., WEBER, R. P., MONTEIRO, S. N. Influence of 
UV radiation and moisten associated with natural weathering on the ballistic performance of 
aramid fabric armor. Journal of Materials Research and Technology, 2020, 9 (5), 10334-10345. 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

393 
 

[24] MORGAN, R. J., PRUNEDA, C. O., & STEELE, W. J. The relationship between the physical 
structure and the microscopic deformation and failure processes of poly (p‐phenylene 
terephthalamide) fibers. Journal of Polymer Science: Polymer Physics Edition, 1983, 21 (9), 1757-
1783. 
[25]  HEARLE, J. W. S. High-performance fibres. Cambridge & Newyork: Woodhead Publishing 
Ltd and CRC Press LLC, 2001. 
[26] YANG, X., TU, Q., SHEN, X., PAN, M., JIANG, C., ZHU, P., ... & HU, C. Surface 
modification of Poly (p-phenylene terephthalamide) fibers by polydopamine-
polyethyleneimine/graphene oxide multilayer films to enhance interfacial adhesion with rubber 
matrix, Polymer Testing, 2019, 78, 105985. 
[27]  LI, M., CHENG, K., WANG, C., & LU, S. Functionalize aramid fibers with polydopamine 
to possess UV resistance. Journal of Inorganic and Organometallic Polymers and 
Materials, 2021, 31, 2791-2805.  



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

394 
 

ENVIRONMENTALLY-FRIENDLY AND SUSTAINABLE 100% COTTON 
FABRIC PRODUCTION FROM FIBERS OBTAINED FROM END 

CONSUMER TEXTILE WASTES 
 

Merve Yaralı¹, Serdar Kaymakçı¹, Serkan Alsan², Senem Pak³, Ayşegül Koyuncu Okca⁴ 
1 Menderes Textile Industry and Trade Inc. R&D Center, Denizli / Turkey 
2 Menderes Textile Industry and Trade Inc. R&D Center, Denizli / Turkey 

³Pamukkale University, Denizli Vocational School of Technical Sciences, Textile, Clothing, Shoes and Leather 
Department Textile Technology Program, Denizli / Turkey 

⁴Pamukkale Üniversitesi, Denizli Teknik Bilimler Meslek Yüksekokulu, El Sanatları Bölümü Denizli / Turkey 
merveyarali@arge.menderes.com 

 
ABSTRACT 
 
Textile and clothing production consumes significant amounts of energy, water and other natural resources and causes 
the rapid generation of large amounts of waste. In our project work, Menderes Tekstil A.Ş. Considering the demands 
of the customers and considering the future generations, it is planned to obtain fiber from post-consumer textile waste 
in order to obtain more environmentally friendly and sustainable products, and in this context, new products are 
designed by developing fabric constructions. In our study, post-consumer waste quality was first determined. Later, 
various constructions were developed. Production of yarn and weaving depending on the developed construction. 
Performing unit operations by applying the process steps to be processed in finishing according to the type and quality 
of fabric produced. The resulting fabric is transformed into the product requested by the customer through the garment 
process. As a result of our project work, we aim to be one of the leading companies in home textile products by using 
post-consumer waste by adopting an eco-system sensitive, more environmentally friendly and zero waste method. 
Contributing to our company and our country's economy by producing such sustainable products in addition to our 
standard production. 
 
Key Words: Textile, Post-consumer textile waste, Recycling, Sustainability 
 
1. INTRODUCTION  
 
Nowadays, the production of textile products is increasing rapidly due to the developing fashion 
pace and rapid population growth. As a result of this developing change, natural resources are 
rapidly consumed and nature is becoming more polluted day by day [1]. In order to prevent this 
pollution, it has become a sector that takes the entire ecosystem into consideration and aims to 
produce profitable and quality products by using holistic and preventive approaches. Although 
holistic and preventive approaches are expressed in different dimensions such as clean production, 
ecological production, sustainable production, green industry and environmentally friendly 
technologies, the main aim is to ensure economic efficiency and keep environmental impacts at a 
minimum level [2], [3], [4]. Sustainability focuses on meeting current demands without 
compromising the ability of future generations to meet their own needs. The three fundamental 
pillars of sustainability are economic, ecological and social. Companies are increasingly 
committing to sustainability through initiatives such as waste reduction, investment in renewable 
energy and support for groups working towards a more sustainable society [5]. Our goal in the 
project work we have carried out as a company is to protect natural resources and leave a cleaner 
environment for future generations. 
 
2. MATERIAL AND METHOD 
 
Bedding used by the end consumer was collected. These collected linens were divided into groups 
within themselves. During the grouping process, the post-consumer's waste quality was 
determined. When determining its quality, the raw material structure and the dyeing process of the 
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fabric were taken into consideration. Post-consumer fiber was obtained from waste linens 
separated into groups. In the first stage, experiments were carried out with 30% post-consumer 
70% virgin cotton in flannel fabric quality. 
 

Table 3:Post-consumer sample fabric construction features 

FR219 
Warp: Ne 20/1 O.E. 
Weft: Ne 8/1 O.E. 
Warp: 70% Cotton 30% Post Cons. Cotton 
Weft: 70% Cotton 30% Post Cons. Cotton 
Warp density: 20 threads/cm 
Weft density: 13.7 wire/cm 
Weight: 165 gr/m² 
Weave Type: 1x1 

 
Table 4:Cotton sample fabric construction features 

IF269 
Warp: Ne 20/1 O.E. 
Weft: Ne 8/1 O.E. 
Warp: 100% Cotton 
Weft: 100% Cotton 
Warp density: 20 threads/cm 
Weft density: 15 wires/cm 
Weight: 165 gr/m² 
Weave Type: 1x1 

 
70% cotton 30% post-consumer blended sample fabric is carried out in the facility with the code 
FR219 and 100% cotton produced sample fabric with the code IF269. The construction properties 
of sample fabrics produced with codes FR219 and IF269 are given in Table 1 and Table 2. Fabrics 
whose weaving process is completed according to the specified woven construction are subjected 
to rotation printing in the finishing department. The process steps of the fabrics produced with 
FR219 and IF269 codes in the finishing department are given in Table 3. 
                                            Table 5:Process flow chart with codes FR219 and IF269 

1.Raw to Mercerized 
2. Rope Bleaching 
3.Emulsion 
4. Raising (One-sided hairy) 
5. Washing + Drying 
6. Transfer 
7. Equalize 
8. Edition 
9. Steaming 
10. Washing + Drying 
11. Raised rose 
12. Finish 
13. Sanforizing 
14. Quality Control 
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ISO 13934-1 tensile strength, ISO 6330 shrinkage and ISO 105-12 wet-dry friction fastness tests 
were performed on two sample fabrics. Test result images are shown in Figure 1 and Figure 2. 
 

                       
        Figure 25: FR219 test result report                                       Figure 26: IF269 test result report 
 
ISO 13934-1 breaking strength result is required to be 200 in standards. When we examined the 
test results, it was observed that the result in our sample fabric coded FR219, produced with 30% 
post-consumer and 70% virgin cotton, was below 200. Based on this observation, we can say that 
increasing the post-consumer mixture ratio reduces the tensile strength ratio. This is due to the 
shorter post-consumer fibers. It is thought that in order to ensure a more environmentally friendly 
production, the post-consumer rate can be kept low and by adding PES yarn, short fiber yarns can 
be provided with a stronger grip. It is planned to conduct studies on this subject in the future. 
 
3.CONCLUSION 
 
As Menderes Tekstil company, we have switched to eco-system sensitive, more environmentally 
friendly zero waste method production by using post-consumer fiber for the first time. We aim to 
ensure the continuation of our work. 
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ABSTRACT 
 
Bast fibers were extracted from okra (Abelmoschus esculentus) plant via biological degumming and thermally treated 
under different temperatures and durations. Effects of thermal treatments on fibers’ physical and hygroscopic 
properties were investigated. Thermal treatments led to decreased linear density and moisture content. Water 
absorption and linear density results showed reverse trends. Water absorption first increased with increment in 
temperature and then decreased with further increment. Treatments at 160℃ resulted in darker fiber color. The ranges 
of the linear density, moisture content and water absorption of okra bast fibers are 6.70-12.3 tex, 6.4%-8.6%, and 5 
g/g to 9 g/g, respectively. 
 
Key Words: Agro-residual, biodegradable, hygroscopicity, natural fiber, okra fiber, renewable 

 
1. INTRODUCTION 
 
Throughout the last several decades, environmental sustainability has become a major issue in 
production industries. Natural raw materials such as cellulosic fibers have started to be exploited 
as alternatives to synthetic counterparts. This forms demand for great amount of natural fibers [1]. 
Within this concept, agro-residual materials stand out promising as they exhibit availability, 
renewability and biodegradability. They do not lead to depletion of biocarbon resources and 
exhaustion of dump areas. Additionally, they do not necessitate allocation of arable land solely for 
raw material production. Furthermore, they provide quality addition to the farmers and boost 
economic growth for rural areas [2], [3]. 
 
Even though the fact that conventional bast fibers were grown in Anatolia since 2000 BC, the 
annual production figure of flax fiber has reduced from 3700 tons in 1969 to 3 tons in 2017. This 
has been due to the competition from cotton and cheap synthetic fibers [4]. Residues of edible 
agricultural practices can be utilized to compensate for the resultant lignocellulosic fiber deficit. 
Fibers have been extracted from various agro-residual resources such as banana fruit and bunch 
stems [5], corn husks [6], okra stems [7], and so on. Among different agro-residual fibers, okra 
bast fibers take an important place. They are mostly grown in less developed regions of the World. 
Fibers extracted present properties comparable to flax, hemp and jute fibers [8].  
 
The response of plant fibers against high temperatures is important in predicting their performance 
during production, processing and use under high-temperature conditions. Furthermore, heat 
treatments may be considered as a type of physical surface modification means with lower impact 
on the environment in comparison to chemical treatments [9] such as alkalization, bleaching, 
maleic anhydride grafting, etc. [10], [11]. 
 
On the other hand, hydrophilicity of plant fibers is another important factor in evaluating their 
usefulness in different utilization areas. Hydrophilicity is a wanted phenomenon in textiles use for 
comfort purposes [12], whereas it is not welcome in technical applications such as use in polymeric 
composites as it ruins dimensional stability, structure integrity and mechanical strength in 
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environments exposed to humidity [6], [13]. Water retention is determined by the hydrophilicity 
of the fiber. Hydrophilicity depends on fiber material, degree of polymerization of cellulose, and 
effects of carried out treatments according to ASTM D 2402 Standard Test Method for Water 
Retention of Textile Fibers. 
 
Including cellulose, hemicelluloses and pectin, plant fibers show hygroscopicity; so that, they can 
absorb moisture in the atmosphere and water in liquid phase present in the environment. If a fibrous 
material contacts water, the liquid can instantaneously wick in among the fibers, that is in the pores 
and in the fiber material. Advancement of water in pores is realized due reduction of pressure and 
in the fiber material is by swelling. Absorption rates are determined by the fiber material and 
geometry of the structure. Modelling liquid absorption necessitates rational representative 
descriptions [14]. Darcy’s law defines flow through porous medium: 

          (1) 

Here  represents the average flow rate, k stands for permeability, and µ symbolizes the dynamic 
viscosity, ∇ is the nabla operator and p is pressure. ∇p is the pressure gradient given by Eq. 2 [17]. 
Water can move in the fibrous material only if the pressure difference between the pores and the 
atmosphere is negative as revealed by Eq (1) [14]. 

         (2)  

Studies related to effect of thermal treatments on okra bast fibers have not been found by the author 
in the literature. Time-dependent water absorption of okra bast fibers has not been investigated 
yet, either. This study has been carried out in order to fill this space in the academic literature.  
 
2. EXPERIMENTAL 
 
Okra plant stems were obtained from farms following completion of fruiting season. The collected 
okra stems were water-retted for 60 days in winter. Then, fibers were separated manually and 
scoured using soda and soap. The scoured fibers were heat treated at 100°C, 120°C, 140°C and 
160°C for 2.5, 5, 7.5 and 10 h in a dry oven make Nuve FN120.  
 
Fiber morphologies were observed using an Olympus SZ61 microscope with LCmicro software at 
200X-400X magnifications with transmitted light pass. Fibers were characterized in terms of their 
linear density (ASTM D 1577-07) with 12 replicates using a Radwag precision balance and a ruler. 
For moisture content determination, fiber samples were conditioned for a minimum duration of 24 
h and their mass (mo) was measured at 0.1 mg accuracy, then the samples were kept in an oven at 
a temperature of 105 °C for a duration of 16 h. Followingly, the oven dried samples were cooled 
down to room temperature in a desiccator and their mass was measured again (md). Equation 3 was 
used to determine moisture content:  
 

.         (3)  

Water absorptive capacity of fibers were evaluated as EDANA 10.3-99, ISO 9073-6.2000 standard 
methods. Accordingly, fibers were weighed (mo) and submerged in distilled water for 1 min at 2 
cm depth from the surface, and let 2 min to let excess water to drain and weighed again (mw). Five 
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replications have been conducted for this test. Water absorptive capacity (WAC) was calculated 
by using the following equation: 
 

.          (4)  

In order to determine time-dependent hygroscopic behavior, untreated and heat-treated okra bast 
fibers were soaked in water and their water content is determined after different immersion 
durations. The testing process is a modified RILEM method specially designed for characterizing 
construction materials based on particles from plants such as hemp, maize, sunflower and other 
[18].  
 
The method has been adapted and implemented on okra bast fibers as follows: Untreated and 
thermally treated fibers were oven dried at 105 °C for 16 h and cooled in a desiccator and weighed 
(md). Fiber samples in the form of flocs are submerged in water for different durations of 15 min, 
30 min, 60 min, 120 min and 300 min. They are taken out of water, dried in a salad spinner for 50 
secs at 2 rpm rotating rate and weighed (m(t)). Water absorption rate (w(t)%) is determined by 
Equation 5 as a function of duration (t). 
 

        (5) 

3. RESULTS AND DISCUSSION 
 
Photography and microscopy images of representative fiber sample images are presented in Figure 
1 and 2, in consecutive order. Linear density, moisture content, water absorption capacity and time-
dependent hygroscopicity of untreated and heat-treated fibers are shown in Figure 3 (a), (b), (c) 
and (d), respectively.  
 
From fibers’ images, it is seen that fibers present similarity to flax fibers. They are stiff straight 
fibers. Their color resembles cornsilk yellow shade. Fibers treated at 160℃ gets a darker shade 
with a coppery tint, which is not the case for lower temperatures. It should be borne in mind that 
the fibers were thermally treated in oxygen containing atmosphere without any covering. 
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Figure 1. Photography images of untreated and thermally treated okra bast fibers. 
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Figure 2. Microscopy images of (a) untreated and thermally treated okra bast fibers at (b) 100℃ for 2.5 h, (c) 100℃ 

for 7.5 h, (d) 120℃ for 5 h, (e) 120℃ for 10 h, (f) 140℃ for 2.5 h, (g) 140℃ for 7.5 h, (h) 160℃ for 5 h and (i) 
160℃ for 10 h. 

 
From microscopy images, it is seen that the okra bast fibers present a longitudinal straight shape. 
The variability in the fineness draws some concerns related to reliability of the fiber performances. 
On the other hand, there is great potential to attain substantially finer fibers. Some extra substances 
are observed to stick on the fiber. It is obvious that every fiber is in fact a bundle of parallel 
elementary fibers. Thus, okra bast fibers are multicellular technical fibers. The fibers treated at 
160℃ show a cleaner surface with lower amount of impurities, which may have been burnt. 
Brownish color of 160℃-treated fibers is also observable from microscopy images. 
 
As a fiber of natural origin, okra fibers show great variability in results in contrast to synthetic 
fibers. Linear density of okra bast fibers range between 6.70-12.3 tex. This values are within the 
ranges of  with those of [6], [19], [20] and finer than that of [7], [21] reported in the literature.  The 
highest linear density belongs to untreated okra bast fibers. Being exposed to high temperature, 
constituents in the fiber structure may have disintegrated. For 100°C and 160°C treatments the 
linear density shows a decreasing trend with increment in duration.  
 
As a lignocellulosic fiber, okra bast fibers show highly hydrophilic structure. Moisture content of 
okra bast fibers range between 6.4%-8.6%. This finding is in agreement with former literature on 
okra bast fibers 6.74% reported by Khan et al. [6]. Okra fibers can absorb 5 to 9 times of their 
initial weight. Water holding capacity of okra fibers increases with increment in immersion 
duration. Nouri et al. [13] reported a similar trend. On the other hand, heat-treated fibers show 
greater results. Water absorption first increased with increment in temperature and then decreased 
with further increase. 
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Figure 3. Effect of thermal treatments on a) linear density (tex), b) moisture content (%), c) water absorption (g/g), 
and d) time dependent hygroscopic behavior (g/g) of okra bast fibers. Error bars represent standard errors. Figure 1 

(d) is shown in logarithmic scale. 
 

4. CONCLUSION 
 
In this study, bast fibers that have been extracted from okra (Abelmoschus esculentus) plant via 
biological degumming (water retting) were thermally treated under different temperatures for 
varying durations. Effects of thermal treatments on physical and hygroscopic properties of fibers 
have been investigated. Treatments at 160℃ result in darker fiber color, while no such effect can 
be observed for lower temperatures. Thermal treatments lead to decrease in linear density and 
moisture content. Water absorption and linear density results show reverse trends, as lower linear 
density fibers exhibit higher water absorption capacity. One-time and time-dependent water 
absorption first increase with increment in temperature and then decrease with further increase in 
the heat treatment parameters.  Okra bast fibers can be utilized in applications where other 
conventional bast fibers such as flax, hemp and jute are used. 
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ABSTRACT  
 
This review explores AI's role in clothing industry assembly line balancing, focusing on labor-intensive settings. 
Algorithms like neural networks, branch-and-bound, and meta-heuristics are evaluated through experiments, showing 
potential for cost reduction and efficient labor allocation. While AI holds promise for optimizing assembly lines, 
further research is needed for clothing-specific challenges. This study underscores the need for increased automation 
in clothing manufacturing processes and emphasizes AI's potential in enhancing production efficiency. 
 
Key Words: AI, clothing industry, assembly line balancing, optimization 
 
1. INTRODUCTION  
 
The application of artificial intelligence (AI) techniques in manufacturing, specifically assembly 
line balancing, has received significant attention from researchers to remain competitive in the 
global market. However, the clothing industry lags behind other industries in the level of 
automation in the assembly phase of the manufacturing process. This review aims to investigate 
the implementation of AI in the clothing industry with an emphasis on balancing assembly lines 
that involve a significant amount of labor. 
 
2. MATERIALS AND METHODS 
 
When conducting literature searches, systematic steps were taken to ensure the transparency and 
quality of results. The first step is to set the search string to use for validation. These search strings 
are predefined keyword combinations related to the field of artificial intelligence research on 
assembly line balancing problems: 
 
• “Artificial Intelligence” and “Conveyor Belt Balancing”  
• "AI" and "Production line optimization"  
• "AI" and "assembly line improvement"  
• "AI" and "improvement of production line performance"  
• "AI" and “minimization of production costs”  
 
Major research collections include multiple search engines such as Science Direct and Google 
Scholar. A list of inclusion and exclusion criteria was developed to ensure transparency of study 
selection. This list contains dates and dependencies that should be considered during selection. 
Publications should be in English and related to artificial intelligence and assembly line balancing. 
All areas not related to assembly line management, production line optimization and the use of 
artificial intelligence to minimize production costs are excluded. 
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3. RESULTS AND DISCUSSION 
 
AI is used to balance assembly lines across industries, including apparel. Still, research on dress 
balance is limited. Experimentation shows quick and optimal solutions to small problems. Neural 
networks and branch and bound improve task ordering, cycle time, and decomposition. 
Metaheuristics have proven effective in evaluating task algorithms and reducing production costs. 
Among the wealth of papers, we have included 10 papers that match our focus on AI assembly 
line balancing. In this section, we discuss the year of publication of these papers, the types of 
papers, their methodologies, industry challenges, and the benefits of AI. 
 
3.1. Publication type and research methodology  
 
This section reviews the types of publications and research methods used in the study. This helps 
researchers better understand how they have approached assembly line balance problems. (Figures 
1 and 2) 
 

 
 

Figure 1. Publication type 
 

 
 

Figure 2. research type 
 
3.3 Summary of the literature 
 
AI offers key benefits in assembly line balancing: optimization and real-time decision-making. 
Improved process visibility, transparency, stakeholder satisfaction, and customer contentment are 
evident advantages. Accurate, real-time data aids efficient decision-making and deeper process 
understanding. 
 
 
 
 
 
 

0 2 4 6 8

Journal articl

Conference proceeding

Book chapter

Publication type

0 2 4 6 8

Review discussion

Technical paper

Research type



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

407 
 

Table 1. Summary of the literature 
 

N° Main idea of the paper Key Benefits of IoT 
[1] • This paper provides a comprehensive 

overview of research papers focused on 
decision support and intelligent systems 
in the textile and apparel supply chain. 
• Items reviewed are categorized 
according to their applicability in textile 
production, garment manufacturing and 
distribution/sales.  
• The main aim is to highlight the role of 
these systems in improving various 
aspects of the textile and garment 
industry. 

  Key benefits  
  Better decision making  
  Increased supply chain transparency  
  Improve customer satisfaction  
  Cost reduction  
  Agility and adaptability  
  Sustainable practices 

[2] • This article provides an empirical study 
of approaches to balancing assembly 
lines in mass production. 
 • The authors compare the Kilbridge-
Wester heuristic method and the 
Helgeson-Birnie method.  
• The main goal is to optimize the 
efficiency of the assembly line.  
 

 Improve mass production efficiency 
 Optimization of crew size  
 Improved system utilization  
 Task feasibility and time constraints Cost 
effective system design 

[3] • Main Idea: Introduction of ICA 
(Immune Clone Algorithm) to minimize 
cycle time and operator operating costs.  
• Proof of superiority over AG (Genetic 
Algorithms) in multi-objective 
optimization. 

 Reduced cycle time  
 Optimizing employee operating costs  
 Multipurpose optimization  
 Improve production efficiency  
 Competitive advantage 

[4] • This paper presents a constrained two-
sided assembly line coordination 
problem. • The Bee algorithm is used to 
solve this problem.  
• The bee algorithm and the artificial bee 
colony algorithm are used to solve large 
cases of the problem.  
• The goal is to reduce the number of 
work items and create a balanced 
assembly line. 

 Improve production efficiency  
 Optimal use of resources  
 Saving measures  
 Scalability  
 Adaptability 

[5] • This study addresses the problem of 
balancing production lines in the textile 
industry involving multiple types of 
goods with different resource 
requirements.  
• The aim is to improve the existing state-
of-the-art in balancing production lines in 
the textile industry. 

 Improved Line Balancing 
 Resource Optimization 
 Increased Productivity 
 State-of-the-Art Advancement 

[6] • This article describes a multi-objective 
optimization balancing a stochastic 
assembly line using models and parallel 
stations.  

  The proposed approach allows efficient 
optimization of assembly line balancing while 
simultaneously considering multiple goals.  
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• The authors propose a hybrid simulated 
annealing algorithm to achieve the goal. 

  By minimizing the smoothing index, assembly 
lines can achieve more even workload distribution, 
reduce idle time, and maximize productivity.  
 Minimizing design overhead optimizes 
resource allocation and reduces production costs. 

[7] • This paper focuses on the problem of 
work assignment and distribution on 
assembly lines. 

 The proposed algorithm improves the quality of 
the solution, assigns workers to tasks efficiently, 
and achieves a balanced assembly line.  
  Algorithmic efficiency improvements enable 
faster and more effective work allocation and 
distribution, reducing downtime and improving 
overall productivity. 

[8] • The main purpose of this chapter is to 
provide a comprehensive overview of 
various applications of artificial 
intelligence in the fashion industry. 

  This chapter explores potential applications of 
AI in fashion design and provides support systems 
that can enhance the creative process and 
streamline the design workflow.  
 The fashion recommendation system described 
in this chapter improves the customer's shopping 
experience, leading to increased customer 
satisfaction and loyalty. 

[9] • The main purpose of this article is to 
highlight the potential benefits of AI 
technology implementation in garment 
manufacturing, especially focusing on 
operational planning, quality control and 
inspection. 

 AI technology significantly improves 
operational planning in apparel manufacturing, 
leading to better resource allocation, production 
planning and overall process optimization. 
  Using AI for quality control improves product 
consistency, reduces errors, and ensures apparel 
products meet high standards and customer 
expectations. 

[10] • This article categorizes research articles 
investigating the impact and importance 
of AI in the fashion and apparel industry 
across different stages of the supply 
chain, including design, fabric 
production, apparel production, and 
distribution. 

  By categorizing research papers, the study 
provides a comprehensive and systematic 
overview of the diverse applications of AI in the 
fashion industry, helping researchers and industry 
professionals to understand the full impact of AI. 
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ABSTRACT  
 
Wool-Polyamide blend fabric combines the natural properties of wool with the synthetic properties of polyamide. This 
structure offers a range of functional properties. Some of the functional properties of wool-polyamide fabric include 
moisture management, breathability, insulation, durability, softness and comfort, odor resistance, easy care. These 
functional properties make it suitable for a wide range of applications, including outdoor clothing, activewear and 
upholstery.  
In this study, it is aimed to improve some functional properties of wool/polyamide upholstery fabrics in line with 
customer demands. The company has already conducted some development work on these fabrics. Main focus on this 
research is to produce fabrics with multifunctional properties like water repellent, soil release and flame reterdancy. 
For this aim, fabrics were treated with fluorocarbon resin (nonionic), organic phosphorus-nitrogen compounds mixture 
(weak cationic), alkyl phosphonate (uncharged) chemicals. In this application, chemical concentration, application 
method and chemical types were changed.  
 
Key Words: Upholstery Fabric, Multifunctional Properties, Flame Retardant, Water Repellent 
 
1. INTRODUCTION  
 
Wool-Polyam൴de blend fabr൴c comb൴nes the natural propert൴es of wool w൴th the synthet൴c propert൴es 
of polyam൴de. Th൴s structure offers a range of funct൴onal propert൴es. Some of the funct൴onal 
propert൴es of wool-polyam൴de fabr൴c ൴nclude mo൴sture management, breathab൴l൴ty, ൴nsulat൴on, 
durab൴l൴ty, softness and comfort, odor resistance, easy care. These funct൴onal propert൴es make ൴t 
su൴table for a w൴de range of appl൴cat൴ons, ൴nclud൴ng outdoor cloth൴ng, act൴vewear and upholstery.  
 
The wool fiber structure consists of more than one layer and each layer brings in wool fiber 
different functional properties (Figure 1). The cuticle is the layer of overlapping epithelial cell’s 
surrounding the wool fibre. :  There are three cuticles. The epicuticle is the outermost layer covers 
of the wool fibre.  The overlapping epithelial cell forms the exocuticle. The endocuticle is the 
intermediate connecting layer bonding the epithelial cell of the cortex of wool fibre. The cuticle 
layer provides water repellency, resistance to pollution, controlled felting, odor absorption, easy 
removal of sweat to wool fiber. The cortex – the internal cells-make up 90% of the fibre. There 
are two main types of cortical cells i.e. ortho-cortical and para-cortical. Each has a different 
chemical composition.  Change in fiber diameter causes to improve a super attitude and drape, 
softness and comfort and the cortex layer brings in the fiber breathability, porosity, soundproofing, 
hot-cold heat insulation. The cortical cells are surrounded and held together by a cell membrane 
complex, Similarly the cell membrane complex affects positively color retention, permanent effect, 
pleating, permanent abrasion resistance. Flame retardant, hygroscopicity and antistatic properties 
are gained by matrix structure and finally elasticity and wrinkle resistant, wash and wear feature 
are due to spiral structure & a-helix structure.  
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F൴gure 1.Wool structure 

Polyamide is a synthetic polymer made of petroleum-based plastics that are held together with 
amide bonds. The molecules that make up polyamide are extremely long and heavy providing 
strength and elasticity. Synthetic polyamide thermoplastics are important in engineering because 
they offer high performance at a reasonable cost. Polyam൴de (PA) f൴bers offer h൴gh strength and 
abras൴on res൴stance to wool fabr൴cs. In add൴t൴on, the use of polyam൴de f൴bers ൴n a m൴xture w൴th wool 
f൴ber ൴s also ൴mportant ൴n terms of dyeab൴l൴ty. Due to the funct൴onal groups ൴n the൴r structures, they 
can be dyed ൴n the same bath. At the same t൴me, the use of PA f൴ber m൴xed w൴th wool f൴ber can 
൴mprove the performance of the f൴n൴shed product. 

In th൴s study, rec൴pe opt൴m൴zat൴on was stud൴ed ൴n the f൴n൴sh൴ng process ൴n order to add 
mult൴funct൴onal propert൴es to the wool-polyam൴de blend fabr൴c. After the appl൴cat൴on process, 
character൴zat൴on analyzes of the fabr൴c and performance tests su൴table for the funct൴onal effect were 
made, and the results were evaluated. 

2. EXPERIMENTAL 
 
In the study, 70% wool-30% polyam൴de woven fabr൴c was used as a blend. The f൴n൴sh൴ng processes 
appl൴ed to the fabr൴c and the structural propert൴es of the fabr൴c are g൴ven below. 

Table 1. The propert൴es of the WO/PA fabr൴c. 

 

Weave Type 

 

Fabr൴c Blend Rat൴o 

(%) 

 

We൴ght 

(g/m2) 

Yarn Number 

(Nm) 

Warp Weft 

2/2 Tw൴ll 70 Wool / 30 Polyam൴de 325 13/1 13/1 
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The treatment steps appl൴ed to the fabr൴c are g൴ven below: 

1.Open W൴dth Wash൴ng               6.Stenter 
2.Stenter Dry൴ng       7.Shear൴ng  
3.Ra൴s൴ng       8. F൴n൴sh൴ng Appl൴cat൴on (Padd൴ng) 
4.Carbon൴zed      9.Stenter Dry൴ng 
5.M൴ll൴ng     10.Decat൴z൴ng 
 

In order to g൴ve the wool/polyam൴de blend fabr൴c a mult൴funct൴onal propert൴es, many rec൴pes were 
tr൴ed dur൴ng the f൴n൴sh൴ng process. Evaluat൴ons were made on the four rec൴pes that gave the best 
results. The exper൴mental stud൴es were carr൴ed out ൴n the laboratory us൴ng the ൴mpregnat൴on-dry൴ng 
and/or cur൴ng method.  

Table 2. Rec൴pes appl൴ed to prov൴de water repellency and f൴re retardant propert൴es to wool/polyam൴de fabr൴c 

Rec൴pe 1:  
400 g/L Organ൴c P-N compounds 
Wet p൴ck-up % 80 
 Dry൴ng 160 C,  120 second 
60 g/L FC polymer, weakly cat൴on൴c 
Wet p൴ck-up %8 
Dry൴ng 160 C, 120 second 
 

Rec൴pe 2:  
400 g/L Organ൴c P-N compounds 
  30 g/L FC polymer, weakly cat൴on൴c 
Wet p൴ck-up % 80 
 Dry൴ng 130 C, 120 second  
 Cur൴ng 160 C, 120 second  
 

Rec൴pe 3: 
80 g/L FC res൴n, non൴on൴c 
  1 ml/L Aset൴c ac൴d (%60) 
Wet p൴ck-up % 80 
Dry൴ng 130 C, 120 second  
Cur൴ng 160 C,   90 second  
 

Rec൴pe 4: 
100 g/L Alkyl phosphonate uncharged 
  80 g/L FC polymer, weakly cat൴on൴c 
Wet p൴ck-up % 80 
Dry൴ng 190 C, 60 second  
 

 
 
3. RESULTS AND DISCUSSION  
 
In the study, exper൴mental stud൴es were carr൴ed out ൴n order to ൴mprove the performance propert൴es 
of the wool/polyam൴de blend fabr൴c, and then measurements were taken. In add൴t൴on to SEM, FT-
IR measurements, water repellency, combust൴on behav൴or and thermal propert൴es were evaluated 
to determ൴ne funct൴onal eff൴c൴ency. 
 
3.1. SEM Analysis 
 
The character൴st൴c surface structure of the wool f൴ber ൴s clearly seen ൴n the SEM ൴mages taken at 
the same magn൴f൴cat൴on(500x) from untreated and treated fabr൴cs w൴th four d൴fferent rec൴pes.  
It ൴s observed that some deformat൴ons occur on the surface of the untreated fabr൴c after pre-
treatment, peel൴ng and break൴ng occur. A s൴m൴lar effect was observed ൴n the SEM ൴mages after the 
f൴n൴sh൴ng treatments appl൴ed to the fabr൴cs. When evaluated ൴n terms of FC appl൴ed be൴ng g൴ven ൴n 
the same bath and f൴rst FR appl൴cat൴on and then FC appl൴cat൴on, ൴t can be sa൴d that there are 
substance res൴dues on the f൴ber surface when the appl൴cat൴on ൴s made ൴n the same bath. 
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                                                                            (a) 

                                                    
                                (b)                                                                                (c)                                            

                                              
                             (d)                                                                                  (e) 
F൴gure 2. SEM ൴mages. (a) untreated fabr൴c, (b) Fabr൴c to wh൴ch organ൴c P-N compound and then FC polymer were 

transferred, (c) Fabr൴c to wh൴ch organ൴c P-N compound and FC polymer were transferred ൴n the same bath, (d) Fabr൴c 
to wh൴ch non൴on൴c FC res൴n was appl൴ed, (e) Same fabr൴c treated w൴th uncharged alkyl phosphonate compound and 

FC polymer ൴n the bath 
 

3.2.FT-IR Analys൴s 
 
After the water repellency and FR treatments appl൴ed to the fabr൴cs, FT-IR measurements were 
made on both untreated fabr൴cs and treated fabr൴cs. The funct൴onal groups ൴n the structure of wool 
and polyam൴de mater൴als are s൴m൴lar to each other. When the FT-IR spectra of both f൴bers are 
exam൴ned, ൴n the wool f൴ber 3394 cm-1 (N-H and O-H stretches), 2929 cm-1 (C-H stretches), 1650 
cm-1 (am൴de I), 1511 cm-1 (N-H from am൴de II). bend൴ng), 1455 cm-1 (aromat൴c ൴n the r൴ng, C-C 
stretch൴ng), 1382 cm-1 (C-N stretch൴ng of am൴nes), 1235 cm-1 (C-N stretch൴ng from am൴de III), 1069 
cm-1 (C-O stretch൴ng) and N-H am൴nes, In polyam൴de fabr൴c, ant൴symmetr൴c and symmetr൴c stresses 
are 2928-2863 cm-1 (CH2), 1647 cm-1 (C=O stretch൴ng, am൴de I), 1539 cm-1 (N-H deformat൴on 
(from am൴de II) and C-N stretch൴ng v൴brat൴ons), Peaks or൴g൴nat൴ng from 1459 cm-1 (CH2 
deformat൴on), 1369-1118 cm-1 (am൴de III band ൴nd൴cates the presence of both C-N stretch൴ng and 
N-H bend൴ng v൴brat൴ons) and 678-582 cm-1 (N-H am൴nes) can be observed. 
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 F൴gure 3. FT-IR graph of wool/polyam൴de fabr൴c 

 
When the FT-IR analys൴s taken from the Wool/Polyam൴de fabr൴c structure used ൴n the study, w൴th 
pre-treatment and dye൴ng process appl൴ed and no f൴n൴sh൴ng process appl൴ed, was evaluated (F൴gure 
3), most of the peaks belong൴ng to the wool/polyam൴de fabr൴c structure were observed. In F൴gure 
4, FT-IR measurements of fabr൴cs w൴th f൴n൴sh൴ng treatment and untreated fabr൴c are g൴ven ൴n the 
same graph. In structures conta൴n൴ng fluorocarbons, C-F bonds can g൴ve sharp peaks ൴n the 1200-
1300 cm-1 band. In the FT-IR graph of rec൴pes number 2 and 3, peaks are ev൴dent at 1238-1234 cm-

1. In alkyl phosphonate structures, P=O stretch൴ng v൴brat൴ons can peak at 1200 -1300 cm-1. In 
structures conta൴n൴ng organ൴c phosphorus-n൴trogen, P-N stretch൴ng v൴brat൴ons can occur ൴n the P-N 
bond range of 900-1100 cm-1, and P=O stretch൴ng v൴brat൴ons can occur ൴n the range of 1200 - 
1300cm-1. 
 

 
F൴gure 4. FT-IR graphs of wool/polyam൴de fabr൴cs treated w൴th four d൴fferent rec൴pes and untreated fabr൴c. 
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3.3.Contact Angle Results 
 
Untreated wool/polyam൴de fabr൴c absorbs water completely. Contact angle values were h൴gh ൴n 
fabr൴cs treated w൴th fluorocarbon polymer. Cons൴der൴ng the h൴ghest and lowest contact angle 
values, a contact angle of 133 degrees was measured ൴n the rec൴pe 4 where FC polymer was used 
at 80 g/L concentrat൴on, wh൴le the angle value was measured as 106 degrees when 30 g/L FC 
polymer was used. The most ൴mportant factor ൴s the concentrat൴on of the fluorocarbon polymer 
appl൴cated.  
 

 
F൴gure 5. Contact angle results 

 
3.4.Flame Retardent Results 
 
One of the most ൴mportant propert൴es of the fabr൴c to be used as upholstery ൴s flame retardant. In 
order to delay the burn൴ng behav൴or of fabr൴cs, organ൴c phosphorus-n൴trogen compounds and 
alkylphosphonate der൴vat൴ve chem൴cals have been appl൴ed. The amounts of chem൴cals used to delay 
combust൴on behav൴or are generally h൴gh. In th൴s study, FR chem൴cal was used at 400 g/L ൴n the f൴rst 
and second rec൴pes, and 100 g/L ൴n the fourth rec൴pe. FR chem൴cal was not used ൴n the second 
rec൴pe. As a result of the burn൴ng test, all fabr൴cs, ൴nclud൴ng the untreated fabr൴c, passed the burn൴ng 
test. The best results on fabr൴cs were obta൴ned by us൴ng P-N compound at a concentrat൴on of 400 
g/L. 
 

Table 3.Flame Retardents Test Results Accord൴ng to Burn൴ng Behav൴our FMVSS 302 
 

Burning Behaviour 
FMVSS 302 

(Horizontal Test) 

Burning Time 
(s) 

Burning Length 
(mm) 

Flame Spread 
Rate 

(mm/min) 
Requirements < 60 < 50.8 < 101,6 
Fabric Direction Warp Weft Warp Weft Warp Weft 
Untreated 18 23 20 20 0 0 
Recipe 1 6 4 14 12 0 0 
Recipe 2 1 1 10 10 0 0 
Recipe 3 18 16 17 15 0 0 
Recipe 4 3 1 12 10 0 0 

*Flame Application Time 15 s 
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3.5. Thermal Insulation Properties 
 
Thermal insulation properties of the fabrics were measured using the Alambeta device. The 
thermal conductivity value of fabrics varies between 41.8-45.4 W/mK x10-3. Thermal conductivity 
value was lower in treated fabrics. In particular, applying water repellent treatment to fabrics may 
have prevented the fabric from absorbing ambient moisture, causing the conductivity to be lower. 
Thermal resistance may vary depending on fabric thickness and thermal conductivity (r(m2kW-1)= 
h(m)/ λ W-1Km2x10-3  ). 
                 

Table 4. Thermal Insulation Properties 
 

 
Thermal 

Conductivity 
(λ) 

Thermal 
Absorptivity 

(b) 

Thermal 
Resistivity 

( r) 

Thickness 
(h) 

Untreated  45,4 154 25,1 1,14 

Recipe 1 43 135 33,9 1,46 

Recipe 2 43,5 141 32,7 1,42 

Recipe 3 42 138 34,2 1,44 

Recipe 4 41,8 139 38 1,59 

 
Since the thickness of the untreated fabric was lower than the treated fabrics, the thermal resistance 
was lower. Absorption value defines the heat perceived at first contact with the fabric. Fabrics with 
high thermal absorption value give a feeling of cold. Since thermal absorption (Wm-2s1/2 K-1) is a 
surface property, it can change with textile finishing processes. When the measurement results 
were evaluated, the thermal absorption value of the untreated fabric was higher than the absorption 
value of the treated fabrics. 
 
4. CONCLUSIONS  

Finishing processes have been applied to improve the structural properties of the wool/polyamide 
blend fabric and to provide it with multifunctional properties. The main purpose of these processes 
is to prevent easy contamination of this fabric structure used as upholstery and to increase its 
resistance to burning. Many recipes have been tried for this purpose. In these studies, chemical 
concentration, transfer of chemicals in the same bath or in separate process steps, process pH, 
drying and curing temperatures and time were examined as variables. The results reported here 
were selected among the recipes that gave the best values for the purpose. 
 
 
5. REFERENCES 
 
[1] FAİSAL ALLAFİ, & CO., Advancements in Applications of Natural Wool Fiber: Review., 
Journal Of Natural Fibers 2022, Vol. 19, No. 2, 497–512.  
[2] I LENFELDOVA , L HES AND M ANNAYEVA., Thermal comfort of diving dry suit with 
the use of the warpknitted fabric, 48th Conference of the International Federation of Knitting 
Technologists (IFKT) IOP Publishing IOP Conf. Series: Materials Science and Engineering 141 
(2016) 012009  



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

418 
 

[3] ELİF KAYNAK, MUSTAFA E. ÜREYEN, A. SAVAS KOPARAL, Halogen free flame 
retardant finishing of wool and wool rich fabrics for aircraft seats, MaterialsToday Proceedings, 
Volume 31, Supplement 2, 2020, Pages S258-S262. 
[4] ELİF KAYNAK, MUSTAFA ERDEM ÜREYEN, ALİ SAVAŞ KOPARAL., Flammability 
and Thermal Degradation Behaviour of Wool/Polyamide 6.6 Blends, Journal of Textiles and 
Engineer, Vol 27, No 117, 2020/1 
[5] ŞULE SULTAN UĞUR, NAZLI ÇAĞLAR CİNPERİ, AYŞE MERİH SARIIŞIK, Improving 
Washable Woolen Fabric by Using  Layer-By-Layer Coating, Tekstil Ve Konfeksiyon, Vol: 
33(2),2023. 
[6]MAŁGORZATA CİEŚLAK https://orcid.org/0000-0001-9867-
7789EWA GROMADZİŃSKA, AND KATARZYNA ŚLEDZİŃSKA., The impact of textile 
relief structures on pressure distribution and heat transport, Textile Research Journal, Volume 91, 
Issue 9-10, 2020. 
[7] J. BACHMANN, R. HORTON, T. REN, AND R. R. VAN DER PLOEG., Comparison Of The 
Thermal Propertıes Of Four Wettable And Four Water-Repellent Soils, Published in Soil Sci. Soc. 
Am. J. 65:1675–1679 (2001). 
[8] B. L. DEOPURA, R. ALAGİRUSAMY, M. JOSHİ AND B. GUPTA., Polyesters and 
Polyamides, The Textile Institute, Woodhead Publishing Limited, 2008.  



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

419 
 

INVESTIGATION OF RAW MATERIAL SOURCES EFFECT ON 
GREENHOUSE GAS EMISSIONS IN WOVEN FABRIC 

MANUFACTURING MILL 
 

Büşra Ardıç Kurt1, Gözde Abacı2  
1 Can Tekstil Entegre Tesisleri ve Tarım Ürünleri San. Tic. A.S. Ergene-2 OSB D-100 No:45/1  

59930, Ergene-Tekirdag, Turkiye 
E-mail of the Presenting Author: busra.ardic@cantekstil.com.tr 

 
ABSTRACT 
 
Increasing greenhouse gas concentration causes environment pollution and global warming. Especially in the textile 
industry, the developing technology, the acceleration of industrial production, the increase in energy consumption and 
the greenhouse gases released as a result are undeniable large. Aim of this investigation, calculate and validate the 
direct and indirect emissions of the existing woven fabric production in an integrated textile operation. Then, the 
impact of innovative and sustainable raw material alternatives on the greenhouse gas emissions of the facility was 
investigated.  
 
Key Words: Greenhouse gas, emissions, carbon, carbondioxide, textile emission 
 
1. INTRODUCTION 
 
The climate change we are experiencing globally is caused by human factors, an increase in 
greenhouse gases and particles in the atmosphere, depletion of the ozone layer, and the reckless 
destruction of the environment. As a result of the studies carried out under the leadership United 
Nations and international organizations to reduce the negative impact and pressure of humans on 
the climate, starting from the late 1980s, the United Nations Framework Convention on Climate 
Change was established in 1992, followed by the Kyoto Protocol in 1997, and the Paris Agreement 
in 2015. Comprehensive national development policies should be addressed in line with global 
goals, integration and the need for economic sustainability [1]. 
 
The textile industry is among the industries that contribute significantly to greenhouse gas 
emissions worldwide. These emissions occur in various stages, ranging from the production of raw 
materials for the sector to the textile product processes and logistics. The current literature on 
emission calculations in the textile industry has been reviewed within the scope of this study [2]. 
  
In recent years, carbon footprint research and application examples have been carried out for the 
textile industry. According to the carbon footprint research results of pure cotton shirts in the study 
conducted in China, the carbon footprint value of the average pure cotton shirt was obtained as 
8,771 kgCO2. 0.347 kgCO2 is direct emission. Back the remaining and the majority were observed 
as indirect emissions [3]. In other study conducted in China, the carbon footprints of fabrics 
produced from pure wool and wool-polyester mixture were calculated as 14 kg-CO2e/kg-fabric 
and 13.5 kg-CO2e/kg-fabric [4]. In a study conducted in the USA, the carbon footprint of a 
polyester t-shirt was calculated as 7.1 kg-CO2e/t-shirt [5]. In the Marmara Region of Türkiye 
textile company -producing fabric and carpets- the total carbon footprint resulting from production 
in the company was calculated as 31.2 kg-CO2e/kg-fabric [6]. Herva et al., concluded that if the 
materials used in a textile factory producing jackets change with changing fashion, carbon footprint 
values may change over the years. It has been determined that the use of cotton and wool raw 
materials increases the total carbon footprint by 24.89% and 58.78%, respectively. It is stated that 
synthetic textile raw materials will have a lower carbon footprint [7]. The use of renewable, 
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recycled and biodegradable materials as resources is of critical importance in the sustainability and 
efficiency studies of the textile industry. Recent studies indicate that the use of sustainable raw 
materials reduces greenhouse gas emissions. It is aimed to realize production with low emission 
values by using alternative sustainable raw materials and recycled raw materials with reduced 
environmental impact. It is predicted that the use of natural materials such as cotton, bamboo, 
hemp, pineapple fiber, as well as recycled raw materials, regenerated fibers (viscose, fashion, 
acrylic, lyocell, etc.) and polyester obtained by polymerization of lactic acid, such as poly lactic 
acid, will reduce the greenhouse gas emission effect. 
 
The aim of the study is to calculate, validate and investigate the direct and indirect emissions of 
the existing woven fabric production in an integrated textile operation, as well as explore the 
impact of innovative and sustainable raw material alternatives on the facility's greenhouse gas 
emissions. 
 
2. EXPERIMENTAL 
 
The study is based on the following standards: TS EN ISO 14064-1 Greenhouse Gases - Part 1: 
Specification with Guidance at the Organization Level for Quantification and Reporting of 
Greenhouse Gas Emissions and Removals, TS EN ISO 14064-2 Greenhouse Gases - Part 2: 
Specification with Guidance at the Project Level for Quantification, Monitoring, and Reporting of 
Greenhouse Gas Emission Reductions or Removal Enhancements, and TS EN ISO 14064-3 
Greenhouse Gases - Part 3: Specification with Guidance for the Validation and Verification of 
Greenhouse Gas Assertions [8, 9, 10]. Detailed field research has been conducted for greenhouse 
gas emission analysis in an integrated facility involved in woven fabric production. Data flow 
diagrams have been designed for greenhouse gas emission calculations, and greenhouse gas 
calculation inventories and annaul data have been prepared. 
 

 
Figure 1. Entegrated Textile Mill 

 
The calculations are based on the reference year 2021 for assessing the impact of emissions from 
raw materials, and an operational control approach has been followed. The verification process for 
the calculations has been carried out by the Turkish Standards Institute (TSE) with a reasonable 
level of confidence. All categories of the standard have been evaluated, except for the ones not 
applicable within the organizational boundaries, namely Category 1.3: Direct process emissions 
and removals from industrial processes, Category 1.5: Direct emissions and removals from land 
use, land-use change, and forestry activities, Category 4.4: Emissions from the use of leased 
equipment (by the organization), Category 5.4: Emissions from investments and Category 6: 
Indirect greenhouse gas emissions from other sources.  
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Carbondioxide emision of woven fabric dyeing and finishing processes are investigated from 
integrated textile mill in Ergene Region. In contrast to the previous revision of the standard, 
uncertainty and significance assessments have been completed, and the impact of using different 
raw materials and alternative sources in the textile industry on greenhouse gas emissions has been 
examined. 
 
3. RESULTS 
 
According to the study, the largest share in the facility's 2021 emission values is attributed to 
Category 5: Indirect greenhouse gas emissions from the post-production use of products with 62%; 
followed by Category 1: Direct greenhouse gas emissions and removals (CO2e) with 17%; 
Category 2: Indirect greenhouse gas emissions from imported energy with 11%; Category 4: 
Indirect greenhouse gas emissions from products used by the organization with 6%; and Category 
3: Indirect greenhouse gas emissions from transportation with 4%. These calculations have been 
performed and verified. 

 
Figure 2. Facility emissions per category 

 
 
4. CONCLUSION 
 
The use of recycled raw materials in woven fabric production reduces process-related greenhouse 
gas emissions. Sourcing raw materials from the mentioned sources in the production process will 
contribute to a circular economy in resource consumption and also reduce greenhouse gas 
emissions in textile woven fabric production. The study encompasses the evaluation of the impact 
of alternative raw material usage based on verified facility data in the textile sector. All 
operations/processes associated with textile production, specifically the raw materials used in the 
fabric production line at the facility's location, have been examined. The comparison of 
calculations has been conducted to assess the impact of sustainable and/or recycled raw material 
usage on greenhouse gas reduction. 
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ABSTRACT  
 
In the project, the design of conveyor belt fabric woven with yarns with high tensile strength has been developed. 
Conveyor belts, which are widely used in the transportation sector, are aimed to the obtained by using high-strength 
yarns and different construction techniques. In this context, weaving machine process parameters (warp tension, warp 
beam tension), pattern design, and construction design studies were carried out. As a result of the studies, the strength 
tests of the product with optimum parameters were carried out. The breaking strength and elongation properties of the 
fabrics produced in optimum parameters for the conveyor belt fabric with high strength were tested according to the 
TS EN ISO 13934-1 standard, and the hot air shrinkage was tested according to the DIN EN 14621 standard. 
 
Key Words: Conveyor belt, high strength, construction design 
 
1. INTRODUCTION  
 
Conveyor belt systems are transport equipment used to transport materials from one place to 
another in any facility [1]. These systems have advantages such as efficiency speed, long 
transportation distances, low energy consumption, operational safety, and simple operation and 
maintenance compared to other transportation vehicles [2]. In the research, it is seen that the 
transportation of materials in a convenient way in terms of energy, time, and money has a direct 
effect on the economy of the enterprise [3]. Due to the increase in the traffic density of the material 
flows of the production facilities, conveyor belts are accepted as the most efficient and effective 
solution preferred by enterprises both in terms of economy and ease of use [4]. 
 
Conveyor belts are producing from rubber today. Conveyor belts also can be produced from 
natural, isoprene, butadiene, styrene, butadiene, and rubber varieties [6]. These rubber materials, 
which have completed their useful life, bring along a serious waste problem. Today, many studies 
are carried out on the recycling of waste rubber, which is very difficult and laborious to recycle. 
In the study of Adhikari et al., cheap, non-toxic chemicals recycled from plant products have been 
developed for the recycling of waste rubbers [6]. 
 
It is noteworthy that the proportion of plastic and rubber wastes in the environmental pollution 
caused by humans around the world is high, and today, conveyor belts are preferred more in many 
areas such as loading, unloading, stockpiling, and taking from stock in the material transportation. 
Thus, usage rates increase, and conveyor belts that have expired cause environmental pollution. 
As a result of insufficient strength, rupture, puncture, tear, etc. damages can cause the end of their 
useful life. Damage to conveyor belts for any reason is considered a great risk, because it hinders 
production in enterprises as well as environmental pollution [7]. For this reason, the main 
expectance from the conveyor belts are high strength, long working life, and resistance to bending. 
 
The aim of this study is to develop fabrics that can be used in the production of high-strength 
conveyor belts with different construction design studies. These fabrics will be produced on the 
weaving machine and will offer a more sustainable alternative to rubber conveyor belt production. 
In addition, thanks to its high strength, products with a high service life will be developed. 
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2. MATERIALS AND METHODS 
2.1. Materials 
 
Within the scope of the study, multifilament PES yarns with high strength and low dry air 
shrinkage, supplied by Akan İplik Company, were used. Yarns were woven in Sulzer brand 
weaving machine. The materials used in the study are given in Table 1. 
 

Table 1. Properties of the yarns used in the study 
 

Filament Type Features 
HTSLS 1000 denier / 192 filament 

Bicomponent (carbon+nylon) 1050 denier / 193 filament 
 
2.2. Methods 
 
Within the scope of the study, multifilament polyester yarns with high strength and low dry air 
shrinkage will be woven in Sulzer brand weaving machines. The work plan created within the 
scope of the study is given in Table 2. 
 

Table 2. Work Plan 
 

Experiment Number and Name Experiment 

1. Design studies 
Determination of pattern design with 
EAT software 

2. Process Parameters 
1. Warp Tension 
2. Beam Tension 

3. Construction Design Studies 

1. Warp Yarn 
2. Weft Yarn 
3. Warp-weft density 
4. Fabric Type 

 
3. RESULTS AND DISCUSSION 
 
In order to develop high-strength and anti-static fabrics produced according to this study plan, it 
was preferred to use plain weave type, which is a unique construction weave. As a result of the 
experimental study, the tensile strength, weight determination, hot air, skewness, and bow fabric 
tests were performed and the sample performances were evaluated. TS EN ISO 13934-1.2013 
standards were used to determine the breaking strength and elongation properties of the produced 
sample. The test results performed according to this standard are shown in Table 3. 
 

Table 3. Tensile Strength Test Results 
 

Sample 
Number 

Tensile Strength (N/S cm) (TS 
EN 13934-1:2013) 

Elongation at Break (%) (TS 
EN ISO 13934-1:2013) 

Warp Weft Warp Weft 
1 ≥4300 ≥1500 ≥20 ≥20 
2 ≥3900 ≥1400 ≥20 ≥20 
3 ≥4700 ≥3000 ≥20 ≥20 
4 ≥5700 ≥1000 ≥20 ≥20 
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The weights of the produced samples were measured according to the UNI 5114 standard. Test 
results are shown in Table 4. 
 

Table 4. Weight Measurements 
 

Sample Number Weight (gsm) (UNI 5114) 
1 270 (±5%) 
2 270 (±5%) 
3 350 (±5%) 
4 565 (±5%) 

 
The hot air shrinkage test of the fabric samples produced was measured according to the DIN EN 
14621 standard. Test results are given in Table 5. 
 

Table 5. Hot Air Shrinkage Test Results 
 

Hot Air Shrinkage Test (180 C 15 mins) (%) (DIN 
EN 14621) 

Warp Weft 
2,5 1,5 
2,5 1,5 
2,5 2,5 
2,5  

 
The skewness and bow fabric tests of the fabric samples produced were measured according to 
ASTM D 3882-2008 standards. Test results are given in Table 6. 
 

Table 6. Skewness, Bow Fabric Test Results 
 

Skewness (%) (ASTM D 
3882:2008) 

Bow Fabric (%) (ASTM D 
3882:2008) 

0± 3 0± 3 
0± 3 0± 3 
0± 3 0± 3 
0± 3 0± 3 

 
According to the test results applied to the fabrics woven in different constructions, trial No. 1 can 
be used for belts made for conveying systems generally, Trial No. 2 is expected to provide static 
electricity resistance in the conveying systems, Trial No. 3 is used for bands with the expectation 
of flexibility in the direction of width in conveying systems, and Trial No. 4 shows that it can be 
used in power transmission elements in machines.  
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ABSTRACT  
 
In recent years, textile design has become a focal point in the textile and apparel industry, with professionals creating 
designs that prioritize visuality, including fabric, color, pattern, accessory, and more. However, the ever-changing and 
increasing needs of consumers have also led to the spread of fast fashion. This increase in demand has also caused 
diversity in textile designs. This study explores textile and garment designs from various perspectives, focusing on 
visuality and the production of sustainable products that offer alternative options for consumers. Thus, within the 
scope of sustainable fashion, designers create versatile designs that individuals can wear and use in different ways. 
Reducing environmental damage, increasing sustainable production, and promoting slow fashion are the objectives of 
this study. 
 
Key Words: Modular clothes, sustainable fashion, functional clothing, slow fashion 

 
1. INTRODUCTION  
 
Garment production is one of the leading sectors that produce environmental pollution. The 
increasing population and fast fashion have caused a rapid increase in production and consumption 
[1]. Short-term or long-term changes in apparel create fashion trends, and these trends have 
increased consumption and introduced the concept of fast fashion. [2]. The term fast fashion means 
continuous production, which is carried out to meet the needs of consumers who want to wear new 
and different products. Consumers always want to wear new garments, along with manufacturers' 
ambition to produce and profit, which results in rapid resource consumption and environmental 
damage. [3]. 
 
Sustainability is essential for the textile and fashion industry, which is one of the most important 
consumer industries serving people's clothing, protection, and dressing needs. Various approaches 
are being developed to mitigate the negative environmental effects of fast consumption and 
increase awareness of sustainable production, such as pattern designs that do not waste fabric, 
modular pattern applications, timeless designs, and longer product use [4]. Slow fashion 
encourages sustainability by emphasizing factors other than material use and production [5]. 
Although the use of sustainable methods is instructive, the production of sustainable products is 
costly. To solve this, it aims to design products that allow multi-purpose and long-term use. 
 
Modular design comes into effect when the body measurements used by different companies in 
different nations do not conform to a single standard [6, 7]. Modular designs allow not only a 
change in how products are used but also the use of individuals of different ages, genders, and 
body sizes. With modular designs, it is aimed that individuals with different body sizes living in 
the same house can use a single outfit in different ways. Thus, it will be possible to produce 
sustainable products by contributing to the environment and using the products for a long time in 
different functions. 
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2. MATERIAL AND METHOD 
 
In this study, 100% cotton fabric with a weight of 420 g/m2 and 5 g metal zippers were used for 
modular designs. The fabric colors selected for the collections were not based on features such as 
age, gender, or size. The selected metal accessories were chosen for their suitability with the 
designs and ability to provide user comfort. Trend analyses for design ideas were performed in the 
preliminary study, and how they could be employed in product groups within the company was 
studied. The design process began with sketches based on the research findings. Accessory 
research was also carried out to ensure suitability with the selected designs. The patterns were 
created using 2D software, ensuring that they were wearable, suitable for the company's product 
groups, and not dependent on factors such as age, gender, and size. Since the designs are aimed to 
be used regardless of gender, age, and size, they have been developed for the use of at least two 
people. Browzwear V-Stitcher software was used in this study's digital sample production process. 
The 3D productions used 301-SN and 406 1/8"gg DNTS sewing techniques. Heat maps were used 
in the design process of the models to ensure user comfort. 
 
3. RESULTS AND DISCUSSION 
 
Modular design 1: Hoodie 
 
The hoodie designed in Figure 1 and Figure 2 consists of a single module. A zipper is used in the 
hoodie. The hoodie depicted in Figure 1 is designed for both men and women, with a focus on user 
comfort, as indicated by the heat map. 
 

 
Figure 1. Model 1 hoodie first alternative usage and heatmap 
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Figure 2. Model 1 hoodie second alternative usage and heatmap 

 
 

In Figure 2, the zipper's opening is designed for women's use, offering a different way of wearing 
the hoodie. The heat map has been used to ensure user comfort. 
 
 
Modular design 2: Sweatpant 
 
The sweatpant designed in Figure 3 and Figure 4 consists of three modules. A zipper allows the 
model's pieces to be connected and separated. Additionally, there is a front zipper to adjust the 
body size. Figure 3 features a model designed for both men and women, with attention to user 
comfort, as indicated by the heat map. 
 

 
Figure 3. Model 2 sweatpant first alternative usage and heatmap 
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Figure 4. Model 2 sweatpant second alternative usage and heatmap 
 
Figure 3's sweatpants model can also be converted into shorts, making it suitable for use by both 
men and women. Pulling the front zippers reduces its size. The design also accommodates use by 
women and children. Considering the heat maps, the designs provide comfort features. 
 
4. CONCLUSIONS  
 
The modular designs produced are innovative and environmentally friendly products suitable for 
individuals of varying ages, genders, and body sizes. These designs enable a single product to be 
utilized in various creates and for an extended period. With its modular usage, a range of slow 
fashion-inspired sustainable clothing goods was obtained, providing at least twice the use of 
similar products produced using traditional methods. 
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Abstract 
 
The quantity of production and consumption of synthetic fibers has exceeded the value of natural fibers in recent 
years. On the other hand, sustainability has also started to gain importance worldwide, and with this concept, the 
search for sustainable raw materials in textiles has begun. While the issue of recycling has come to the fore for the 
most consumed polyester fibers in the world, the concept of environmentally friendly fiber has come to the fore in all 
stages, from production to use in terms of natural fibers. In this respect, hemp fibers have been one of the most 
emphasized fibers as an environmentally friendly vegetable fiber in recent years. In textile production, cotton fiber is 
the most used natural fiber globally. Thus, cotton fiber and hemp fiber were compared in this study. 
 
Keywords: Hemp, cotton, sustainability, natural fiber 
 
1. INTRODUCTION 
 
Cotton is a natural fiber that grows well in several climates and can be harvested easily. However, 
cotton cultivation needs a high amount of water consumption and using pesticides, so it is not 
sustainable. Organic cotton is generally less environmentally destructive than conventional cotton, 
primarily since organic cotton does not use any pesticides. 
 
With the concept of sustainability gaining importance worldwide, the textile industry started to 
attract more attention because the textile industry is one of the most polluting industries in the 
world. Depending on the increase in environmental problems worldwide, the methods of obtaining 
textile raw materials have also become important. Accordingly, the search for a more 
environmentally friendly textile fiber has begun.  
 
Therefore, in this study, among the fibers that are the raw materials of textiles, cotton fibers, which 
have been considered white gold for many years due to both production and consumption, will be 
compared with hemp fibers, which have been popular in recent years.  
 
The global hemp fiber market grew from $7.94 billion in 2022 to $10.94 billion in 2023 at a 
compound annual growth rate of 37.9% and is expected to grow to $36.21 billion in 2027 at 
a compound annual growth rate of 34.9% according to a last study 8. 
 
Hemp has several environmental benefits, such as carbon storage, breaking the cycle of diseases, 
soil erosion prevention, biodiversity, and low or no use of pesticides 13.  
 
Cotton and Hemp Cultivation 
 
Cotton is a strategic crop cultivated in nearly all tropical and subtropical regions worldwide. Since 
cotton salt-tolerant and drought-tolerant, cotton is a tempting crop for arid and semi-arid regions. 
According to the latest report, Global Cotton Market is expected to reach US$ 46.56 Billion by 
2027, with a compound annual growth rate of 2.74% from 2020 to 2027 9.  
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An eco-fiber market report mentioned that the global eco-fiber market size was estimated at USD 
43.07 billion in 2022. In terms of sustainability, an increase in organic cotton production is 
expected in the eco-fiber market. The organic fiber market is expected to grow rapidly 11. 
 
China, India, and the United States are expected to lead cotton production in 2023/24, according 
to a U.S. Department of Agriculture (USDA) report, and the forecast for World cotton production 
is 115.7 million bales 10. 
 
Industrial hemp can be grown in a wide variety of soil types. Hemp prefers well-drained soil with 
a pH of 6 or more with good moisture and nutrient-holding capacity. Hemp is best adapted to well-
drained soil with a pH between 6.0 and 7.0. In addition, it is not recommended for wet soils or 
those with a heavy clay content for hemp growing 12. 
 
Although hemp fiber is one of the oldest vegetable fibers, its cultivation has been restricted since 
the 1950s due to its narcotic features. Therefore, its cultivation has decreased considerably over 
time. However, flax and hemp cultivation continued to exist in Europe. With the introduction of 
the concept of sustainability into our lives, the cultivation of eco-friendly industrial hemp has 
gained importance and started to increase gradually. 
 
Today, hemp is produced in Asia-Pacific, Western Europe, Eastern Europe, North America, South 
America, the Middle East, and Africa. Asia-Pacific was the largest region in the hemp fiber 
market in 2022, according to Report 8.  
 
Hemp vs. Cotton Fiber Properties 
 
Hemp and cotton, both vegetable fibers, differ in their cellulose and other substance contents and 
the region from which the plant is obtained (Table 1) 1. 
 

Table 1. Chemical composition and mechanical properties of cotton and hemp fibers. 1 
 

 Cotton fiber Hemp fiber 
Origin of plant fibers Seeds fibres Bast fibers 
Cellulose (%) 82.20-90.00 70.20-74.40 
Lignin (%) - 3.70-5.20 
Hemicellulose (%) 3.00 17.90-22.40 
Pectin (%) - 0.90 
Wax (%) 0.60 0.80 
Moisture (%) 7.85-8.50 6.20-12.00 
Ash (%) - 0.80 
Microfibrillar angle (°) - 2.00-6.20 
Density (g/cm3) 1.48-1.60 1.40-1.50 
Elongation at break (%) 2.00-10.00 1.00-4.00 
Tensile strength (MPa) 287-800 270-1110 
Elastic modulus (GPa) 5.50-13.00 3.00-90.00 

 
Cotton is the highest-produced natural fiber. However, its cultivation needs intensive water 
consumption and chemicals such as pesticides and fertilizers 2, 3, 4. The production of fiber must 
be less harmful to the environment and economical. Duque Schumacher et al. (2020) compared to 
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cotton and hemp fibers. They used four data for comparison: fertilization costs, seed costs, water 
consumption, and pest control costs. They used these costs and fiber yield to estimate final fiber 
production in USD per metric ton. According to their result, industrial hemp fiber was better than 
cotton regarding economic and environmental friendliness. 
 
According to cotton, hemp as a crop has some advantages 5. After 3-4 months from planting, 
hemp is ready to be harvested 6. When compared to the ecological footprint of both fibers, hemp 
fiber has lower values (1.46 - 2.01 gha) than cotton fiber values (2.17 - 3.57 gha) 2, 7. 
 
On the other hand, there are two different types of fibers in hemp, primary and secondary fibers, 
and primary fiber cells, and the fiber bundles they form are the fibers used in textiles. As the stalk 
gets thick, the secondary fiber ratio increases. It reduces the spinnability and economic return of 
hemp fiber. 
 
Usage Areas of Cotton and Hemp Fiber  
 
Cotton is the most used natural fiber in the world. Cotton fiber can be easily blended with other 
fibers for spinning. The conventional cotton and hemp yarn production steps are given in Figure 
1. Compared to hemp fiber, production steps in textiles are easier. The global cotton yarn market 
is projected to grow from $82.81 billion in 2023 to $100.68 billion by 2028 at a compound annual 
growth rate of 4.0% during the forecast period 14. 
 

 
Conventional cotton yarn production steps 

 
Conventional hemp yarn production steps 

 
Figure.1 Conventional cotton yarn production steps and conventional hemp yarn production steps. 

  
All kinds of garments, home textiles, and upholstery fabrics are produced with cotton fiber, hemp 
fiber, and blend with other fibers.  Since hemp fiber is very durable and has less elongation, it has 
been preferred for rope production throughout history. In addition, since hemp fiber is very 
durable, it is preferred to be used in producing composite products.  
 
Hemp fiber is attracting attention for producing breathable and biodegradable products for the 
textile industry. The global industrial hemp market volume was over USD 205 million in 2020 and 
is forecast to grow at over 6% at a compound annual growth rate between 2021 and 2027 15. 
 
 
 
 

Cultivation Harvesting Ginning Cleansing Carding Combing Roving Spinning

Cultivation Harvesting Retting Breaking Scutching Hackling Roving Spinning
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2. CONCLUSION 
 
The short-fiber spinning method used in spinning cotton fiber is the world’s most common and 
well-known spinning method. Hemp fiber can be processed by long-staple spinning, short-staple 
spinning, and conventional hemp spinning processes. In addition, both fibers are used in the 
production of nonwovens. However, cotton is easier to harvest, get fiber, and spin into yarn than 
hemp.  
 
Both hemp and cotton are our natural raw materials used in textiles. Both have their unique 
features. The regions where they are grown differ, so it is necessary to work on environmentally 
friendly production methods for both economic development, utilization of agricultural lands as 
much as possible, and sustainable natural raw materials. 
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ABSTRACT  
 
Wound healing is a complex and dynamic process that includes biochemical and physiological events, in which 
harmonious steps continue sequentially for tissue repair to be effective. One of the biggest problems that delay or 
prevent the healing of the wound is the deterioration of bacteria and microorganisms in wound formation. In this study, 
nonwoven wound dressings were developed, and their properties were examined to achieve the stated effects. The 
results of the analysis showed that these structures would be an ideal structure as an absorbent layer in composite 
wound dressings used for wounds with high exudates. 
 
Key Words: Needle punching, medical textile, chitosan, antibacterial textile  
 
1. INTRODUCTION   
 
The skin, which consists of 3 layers: epidermis, dermis and subcutis, is known as the largest organ 
of our body after the skeletal system. Skin takes an active role in many issues such as regulating 
body temperature, protecting the body from physical and chemical effects, preventing water loss, 
helping respiration and excretion, and removing static electricity from the body [1]. It is defined 
as the temporary or complete loss of the physiological properties of the tissues because of the 
disruption or destruction of the integrity of the skin or subcutaneous tissues due to biological, 
physical, and chemical reasons [2]. Wound healing; is a complex process consisting of four stages: 
hemostasis, inflammation, proliferation, and remodeling, which begins immediately after injury 
and can continue for up to 2 years [3,4,5]. 
 
It is known that the history of wound care is as old as human history. In the past, it was aimed to 
absorb the wound exudate, to keep the wound dry, and thus to prevent the growth of bacteria, with 
linen, gauze and cotton materials used in wound care with herbs and vegetable oils and products. 
However, today it is known that heat and humidity are directly proportional to wound healing, and 
that the restructuring of cells in the tissues accelerates when there is sufficient heat, humidity, and 
oxygen [6,7,8]. For this purpose, although the wound dressings used today can be produced with 
weaving, knitting and spacer techniques, nonwoven surfaces come to the fore as they are more 
homogeneous, softer, and more flexible than these structures [9]. Nonwoven surfaces produced 
with web from combs and mechanical fixation with needles play an important role in wound 
treatment in terms of their contribution to the healing process by absorbing the exudate from the 
wound and preventing the risk of infection. Nonwoven wound dressings produced by this method 
do not contain any additives and, due to their structure, create a soft, bulky, porous, absorbent, and 
stable environment that can breathe air into the wound and provide comfort to the wearer. This 
provides a great advantage in medical use. In this research study, nonwoven surface structures 
were produced by using viscose fibers, known for their absorbent properties, and chitosan fibers 
due to their absorbent and antibacterial effects, to form an absorbent layer on the wound dressing. 
Thickness, weight, and air permeability analyzes were performed to evaluate the comfort 
properties of the produced structures, hydrophilicity analysis to determine the absorbency 
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properties and antimicrobial textile tests were carried out with the AATCC 100 test method to 
determine the antibacterial properties. 
 
2. EXPERIMENTAL 
 
2.1. Materials and Method 
 
Viscose fibers with water/sweat, exudate absorption, comfort and comfort properties and chitosan 
fibers with both hydrophilic and bacteriostatic properties used in the study were obtained from Ege 
University Textile Engineering Nonwovens Department. 
 
Nonwovens were produced by obtaining web from combs and mechanical fixation with needles. 
Within the scope of the study, chitosan fibers were mixed with viscose fibers at rates of 10%, 20%, 
30% by mass. It is also produced on 100% viscose and 100% chitosan nonwovens. The machine 
parameters worked during this production are given in Table 1 below. 

 
Table 1. Needle-punched Process Parameters 

 

Needle-punched process parameters Value 
Folding tape speed (m/min.) 3 
Traction belt speed (m/min.) 5 
Feeding belt speed (m/min.) 2 
Needle immersion depth (cm.) 0.5-1.0 

 
2.2. Characterization 
 
Weight measurement according to TS 29073-1 standard, thickness measurement in 20 cm2 area 
under 200 Pa pressure, according to TS 7128 EN ISO 5084 standard, air permeability from 20 cm2 
area under 100 Pa pressure, according to TS 391 EN ISO 9237 standard, antibacterial analysis 
Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae and Vancomycin-Resistant 
Enterococci bacteria were performed according to the AATCC 100 standard, and hydrophilicity 
analyzes were performed according to the AATCC 79 standard. 
 
3. RESULTS AND DISCUSSION 
3.1. Thickness and Weight Analysis Results 
 
The average thickness and area density of the produced needling nonwovens are given in Figure 
1.  

 
 

Figure1. Basis Weight and Thickness Results 
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3.2. Air permeability Analysis Results 
 
There is a directly proportional between air permeability and breathability. Wound dressings with 
high air permeability accelerate the healing process by allowing gas passage. According to the 
results given in Table 2, it is seen that the produced 5 surfaces have sufficient air permeability. 

 
Table 2. Air permeability measurement results 

 
Samples %100 CV 10\90 CHIT\CV 20\80 CHIT\CV 30\70 CHIT\CV %100 CHIT 

A৻r 
Permeab৻l৻ty 

(l/m2/s) 
    1191         1569 1077 1067 1017 

 
3.3. Hydrophility Analysis Results 
 
When the hydrophilicity results given in Table 3 are examined, it can be said that all 5 surfaces 
produced have hydrophilic properties, but the increase in the amount of chitosan in the structure 
prolonged the absorption of the liquid dripped onto the surface. 

 
Table 3. Hydrophility measurement results 

 
Samples %100 CV 10\90 CHIT\CV 20\80 CHIT\CV 30\70 CHIT\CV %100 CHIT 

T൴me (s) 0 0 0 0,23 1,01 

 
When the literature is examined, it has been reported that chitosan is more hydrophilic than viscose. 
However, chitosan has a structure containing repetitive functional groups containing two 
hydroxyls and one amino due to its structure. The presence of surface functional groups made 
chitosan a pH sensitive material. In addition, chitosan exhibited hydrophobicity at higher pH 
values, while resulting in a more hydrophilic nature at low pH values, as a function of the 
protonation intensity of amino groups in the acidic environment [10]. In addition, surface 
contamination of chitosan may explain its less hydrophilic nature than viscose. 
 
3.4. Antibacterial Analysis Results 
 
Antibacterial analysis was performed with Staphylococcus aureus, Escherichia coli, Klebsiella 
pneumoniae and Vancomycin-Resistant Enterococci. Samples with 100% viscose content were 
accepted as control samples. The antibacterial analysis results applied to the needling surfaces at 
the end of the 24-hour contact period are given in Table 4. 

 
Table 4. Antibacterial analysis results 

 

Samples 
S.aureus 

Decrease (%) 
E.col൴ 

Decrease (%) 
K.pneumon൴ae 

Decrease (%) 
Vancomyc൴n-Res൴stant 

Enterococc൴ Decrease (%) 
10/90 CHIT/CV 27,08 28,82 27,85 20,16 
20/80 CHIT/CV 99,85 82,37 67,11 68,55 

30/70 CHIT/CV 99,98 23,55 28,19 62,10 
%100 CHIT 99,98 70,39 86,68 66,45 

 
The use of 20% or more chitosan against S. aureus bacteria resulted in a 99% reduction in bacteria 
compared to the control sample. 20/80 chitosan/viscose mixture and 100% chitosan samples 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

439 
 

showed the best results against Escherichia coli, Klebsiella pneumoniae and Vancomycin-
Resistant Enterococci bacteria. 

4. CONCLUSIONS 
Needle-punched nonwoven surfaces can be produced with sufficient thickness and area density, 
which is important in terms of protecting the injured area from external factors. The air 
permeability of the produced structures will contribute to the healing process by allowing oxygen 
and gas to pass to the wound. It has hydrophilic properties on all 5 surfaces produced, which shows 
that the surfaces have a structure that will allow them to absorb wound exudate. Antibacterial 
analysis results show that the produced structures prevent bacterial growth. According to the 
results of all the analyzes carried out, it has been shown that the developed needle-punched 
nonwoven surfaces will be an ideal structure as an absorbent layer in composite wound dressings 
used for wounds with high exudates.  
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ABSTRACT 
 
We live in a time when waste is increasing and becoming a growing problem. Zero-waste is becoming an increasingly 
important issue in the fashion world, as the fashion industry is one of the top three polluters in the world. The goal of 
the research was to combine jacquard weaving techniques and zero-waste design. By analyzing the garment cut, we 
determined the layout of the jacquard pattern and defined the areas with elastane yarns. We produced a garment with 
minimal waste according to the zero-waste principle of garment production, which considers sustainable principles in 
addition to the digitalization of the process. 
 
Key Words: zero-waste, jacquard weaving, fabrics, cad system, PBT yarn 
 
1. INTRODUCTION  
 
There are various sustainability movements to improve the current environmental problem, 
including the zero-waste movement that contribute to the conservation of natural resources through 
responsible production [1]. The biggest financial burden for manufacturers is the production 
processes and textile material. Costs can also be reduced by optimizing the production process, 
including garment pattern optimization towards toward zero waste [2], with the goal of generating 
as little textile waste as possible. There are several techniques to reduce textile waste, one of which 
is to combine weaving techniques with garment pattern development. By using CAD systems that 
allow rapid design, modification, and simulation of jacquard fabrics, and by developing jacquard 
patterns in a way that allows the best possible match of the fabric pattern along the seams when it 
is made into a garment, waste in garment manufacturing can be reduced. By using yarns with 
elastane-polybutylene terephthalate (PBT) in the weft direction in specific areas corresponding to 
the garment cut, the fabric was given a 3D shape that conforms to the body after heat treatment 
[3]. We have managed to design and produced a garment with minimal waste. 
 
2. EXPERIMENTAL 
 
We started with the design of the pattern and laid it out on the surface in a way that would best suit 
a jacquard fabric.  Using an oriental motif, we arranged the motifs on the surface according to the 
principle of pattern matching on all diagonals and according to the shape of the of the garment cut 
(Figure 1, left). In the next step, we simulated the appearance of the jacquard pattern on the shape 
of the garment. To achieve an aesthetic effect, we placed the smaller pattern for the upper, lighter 
part and the larger pattern for the lower, darker part (Figure 1, right). Arahne CAD software was 
used for the fabric design and simulation. The jacquard fabrics were woven on the same warp (CO, 
2 x 8 tex; 1 black, 1 white) and three different wefts were combined in the non-elastic area (1 blue 
PES, 39 tex and 1 white CO, 2 x 8 tex) and elastic area (1 blue PET, 39 tex and 1 white PBT 
multifilament 2 x 7,8 tex).  
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Figure 1. Development of the pattern for the jacquard fabric (left), patterns of the jacquard fabric arranged across 
the surface according to the garment shape (right) 

 
Two different twill double weaves were used in the jacquard structure (self-stitched for the 
background and interchanging for the motif), Table 1. 
 

Table 1. Weaves for two colours effect in jacquard patterns 
 

Weaves for the upper part of the fabric Weaves for the lower part of the fabric 
 

    
Blue effect White effect Blue effect White effect 

 
Two versions of the fabrics were produced, one with elastic upper part (Figure 2-3) and non-elastic 
lower part (Figure 2-5), and the second with additional elastic yarns woven over the entire fabric 
(Figure 2-3 and 4). The fabrics with PBT yarn in the weft were steamed for about 5 minutes to 
gain the elasticity. 
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Figure 2. Simulation of fabrics (left), the woven fabric (centre) and the appearance of the fabric with the PBT yarn 

after heat treatment (right) 
 
3. RESULTS AND DISCUSSION 
 
By combining different textile techniques, it is possible to design and produce fabrics that comply 
with the zero-waste principle. We have managed to design and determine the size and distribution 
of the pattern in such a way as to allow an optimal matching along the seams of the garment, 
minimizing fabric waste. By using yarns with elastane (PBT) in the weft direction, the fabric was 
given a 3D shape after heat treatment, which not only supports the shape of the garment, but also 
adds aesthetic value to the garment. From an economic point of view, we would have chosen a 
fabric with a partially elastic area that tapers in the upper part of the waist, while remaining flat in 
the skirt area. However, from an aesthetic point of view, a dress made of a fabric with a continuous 
elastic area is much better because it fits the body better. 
 
Two dresses were made according to the zero-waste principle, the first from a fabric with an elastic 
top and a non-elastic bottom (Figure 3, left), the second with a continuous elastic area (Figure 3, 
right). 
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Figure 3:  Dress made of fabric with elastic upper part and non-elastic lower part (left), dress made of fabric with 
continuous elastic area (right) 

 
4. CONCLUSIONS 
 
Modern technologies and digitisation in the field of weaving, weaving preparation and garment 
production preparation make it possible to quickly and efficiently design garments that are 
produced according to sustainable principles and with minimal waste. Although designing a 
jacquard pattern based on the shape of a dress may seem unrealistic in mass production, the 
digitisation of the processes makes this possible and the process can be used to produce sustainable 
garments on a small scale. The aim of the research has been achieved; we have produced a garment 
completely waste free with the appropriate jacquard fabric pattern. Sustainable fashion is a holistic 
process that encompasses sustainable product design from raw material to manufacturing to 
recyclability after use. 
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ABSTRACT 

Sublimation fastness is classically tested with ISO 105x11 standard. In this study, we developed a new sublimation 
fastness test method and compared the results with the sublimation fastness test method as per the ISO 105x11 
standard. The applicability of the test method has been proven with the results of the two test methods having the same 
results. Also, after finishing application is done on the polyester fabrics, there is a decrease in the sublimation fastness 
of the fabric. 

Keywords: Fabric, fastness, sublimation fastness, polyester fabric 

1. INTRODUCTION  

The use of polyester fabric is increasing due to its many beneficial properties.  It is used in every 
field from innerwear to outerwear due to its slippery and soft structure, low wrinkling rate, eye-
catchy colors. Contrary to the benefits in its use, it is difficult to dye polyester fabric. No chemical 
reaction occurs during polyester dyeing because there is no functional group to react in polyester 
fibers. The crystalline region of the polyester fiber is higher than the amorphous region. Polyester 
fibers are difficult to dye because the dye penetrates the fibers from the amorphous region.  
 
Disperse dyestuffs are used to dye polyester fabric. Disperse dyes have a very high affinity for 
polyester fiber. In order to dye polyester fibers, the tight fiber structure of polyester fibers must be 
opened, and the dye needs to penetrate through the pores. At high temperatures, the pores of the 
polyester fibers open up and the disperse dye penetrates the pores. However, in order for the dye 
to enter the pores in a balanced and even manner, it is necessary to use a leveling agent. Disperse 
dyeing starts at 80 °C and gradually increases to 130 °C (1,5-2 m/dk).  
Dyeing continues for one hour at 130°C and is cooled to 80°C. Reductive cleaning is required to 
remove any of the residual dead dye.  
 
In textile industry, after dyeing, there are a lot of fastness methods tested such as color fastness, 
light fastness, water fastness, sublimation fastness. Sublimation fastness is important for polyester 
dyes. When disperse dye is heated to high temperatures, it gasifies from its solid state. The 
sublimation property is connected to the polarity of the substituting group. The polyester and 
acetate fibres that are dyed by disperse dyes may have fastness problems in the heat setting process 
or other after-finish processes, which is because of the poor sublimation fastness or dry heat 
fastness. Polyester fiber or acetate fiber fabrics dyed by disperse dyes may have the phenomena of 
the original shade being changed or stained because of the poor sublimation fastness. (1)  
 
For the sublimation test, the ISO 105x11 standard is classically applied. The logic of the test is to 
place the treated dyed fabric and the untreated fabric together between the heating plate and pollute 
the untreated fabric as a result the dye becomes gaseous at a certain temperature and time. Tests 
are given for hot pressing when the textile is dry, when it is wet, and when it is damp. The end-use 
of the textile usually determines which test should be done. In this test method, dye contamination 
of the fabric is achieved by temperature. In the sublimated test fastness method we have developed, 
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we carry out this contamination by means of chemical named perchloroethylene. Additionally, 
with this method, sublimation fastness can be conveniently tested without the need for a device. 
 
In this study, perchloroethylene is used to evaluate the sublimation fastness. Since 
perchloroethylene is a very good organic solvent, its success in stain removal and its low toxicity 
compared to other chlorinated solvents results in perchloroethylene to be widely used in this field. 
Paint removers and some other stain removers also contain perchloroethylene. (2) 

2.EXPERIMENTAL 

2.1. Materials 

In the study, woven fabrics of various colors were used, all made from 100% polyester. The dyeing 
recipes for blue and red colors from different fabrics used in the study are given in Table 1. 
Following the dyeing process, various softeners with varying levels of silicone content were 
applied to the fabric. Details regarding the utilized softener are presented in Table 2. In addition to 
these, for the sublimation fastness test method 2, perchloroethylene was used. The specifics are 
outlined in the Table 3. 

Table 1. Pes fabric dye repice 

COLOR DYE REPICE 
 

 
RED 

RUBINE S-2GFL %200: 0.556 
RAPEZOL BRILL YELLOW: 0.458 
RED EN-F 01: 3.782 

 
BLUE 

BLUE E-2BL %100: 1.024 
TURQ. BLUE %200: 0,243 

 

Table 2. Softeners used in the study 

SAMPLE NAME SOLID CONTENT pH  
IONIC 
CHARACTER 
 

Sample 1  14  6,2  Weak Cationic  
Sample 2  19  6,3  Weak Cationic  
Sample 3  37  8  Weak Cationic  
Sample 4  43  6  Cationic  

 

Table 3. The chemical used in method 2 for sublimation fixation 
 

Cas no 127-18-4 
Molecular weight 165,82 g/mol 
Density 1,622 g/cm3 
Solubility (aq) 0,15 g/L 
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2.2. Method 
2.2.1. Dye Method 

The dyeing process took place in a Forlab-branded dyeing machine at 130°C for 90 minutes. A 
40°C rinsing process was carried out, followed by drying in a Forlab drying machine at 130°C. 

2.2.2. Padding Method 

The fabric was padded using 1-dip 1 nip in a hydrophilic silicone solution finishing bath with 80–
85% wet pickup. Then the padded fabric was dried at 180 °C for 180 s.  

2.2.3. Sublimation Fastness Method 
2.2.3.1.  Method 1 

The sample fabric size was 50x100mm. The size of the accompanying fabric is the same as the 
sample. It is placed in the sublimation fastness device with the treated fabric at the bottom and the 
untreated fabric at the top then kept on the device for 30 seconds at 180 degrees under the pressure 
of 4kPa. Color change was evaluated according to the grayscale.  

 
Figure 1. Scorch brand sublimation fastness device 

2.2.3.2. Method 2 

The treated fabric is cut to 50x50 mm. The fabric is placed on the petri dish. Filter paper is placed 
on it. A glass plate with a 1 cm hole is placed on it. 0.5 ml of perchlorethylene is dropped through 
the hole and held for 5 minutes to get the final results.   

 
Figure 2. Method 2   
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3. RESULTS  
 
In this study, we compared the ISO standard with the sublimation fastness and the newly developed 
sublimation fastness test method. We evaluated the results according to the gray scale.  
 
In the study, fabrics in different color tones including yellow, red, blue, navy, and black were 
utilized. Additionally, finishing chemicals containing various types and levels of silicone were 
applied. A total of 100 distinct experiments were conducted. According to the obtained results, 
Method 2 yielded parallel outcomes with Method 1, with a concurrence rate of 98%. 
 

Table 4. Sublimation fastness test results according to method 1 and method 2 

Fabric Color Sample Name Sublimation fastness method 1 Sublimation fastness method 2 

 

 

Red 

Blank 2/3 2/3 

Sample 1 2/3 2/3 

Sample 2 2/3- 2/3- 

Sample 3 2 2 

Sample 4 2- 2- 

 

 

 

Blue 

Blank 2/3 2/3 

Sample 1 2 2 

Sample 2 2 2 

Sample 3 1/2 1/2 

Sample 4 1 1 

 

İt was found that the sublimation fastness decreased the results with the increase of silicon content 
in the finishing agent, while the fabric that was not treated with the finishing agent had the least 
contamination. 

 

Figure 3. Sublimation fastness results of red polyester fabric according to method 1 
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When the sublimation fastness test was performed with method 2 on the same fabric used in 
method 1, the results were analogous. The finishing agents applied to the fabrics decreased the 
sublimation fastness. However, the results of sample 1 and sample 2 were close to the untreated 
fabric. (Figure 4)  

 

Figure 4. Sublimation fastness results of red polyester fabric according to method 2 

 

Figure 5. Sublimation fastness results of blue polyester fabric according to method 1 

 

 

Figure 6. Sublimation fastness results of blue polyester fabric according to method 1 
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4. DISCUSSION 

The developed novel method enables the assessment of sublimation fastness in polyester fabrics 
without the necessity of any device utilization. Consequently, it is a cost-effective testing approach, 
and it is feasible without incurring device expenses. Nonetheless, the drawbacks associated with 
the new method is the longer time consumed compared to the shorter timeframe when it is 
conducted on a device. Within the existing literature, no analogous testing methodology pertaining 
to sublimation fastness has been identified. 

5. CONCLUSIONS 

Examination of sublimation fastness in polyester fabrics is an important criterion. This method, 
which is examined as the dye passing from the gas phase to the solid phase at high temperatures, 
contaminating the fabric, is examined with the help of a device. In this study, a new method for 
sublimation fastness is developed and examined. In this method, we used a chemical that dissolves 
the dye, perchlorethylene. We tested the accuracy by comparing the results with the classical 
method. 
 
In our study, we compared fabrics that did not contain a finishing agent and fabrics treated with a 
finishing agent. It is a known fact that the sublimation fastness of the fabric decreases as a result 
of the finishing process. Some finishing agents reduce sublimation fastness more, while others 
give results close to untreated fabric. This actually depends on the silicon content of the finishing 
material. As the silicon ratio increases, sublimation fastness is expected to decrease. In our study, 
we used 2 finishing materials with a lower silicon ratio and 2 silicone materials with a higher 
silicon ratio. When we examined the results, we saw that the finishing materials with high silicon 
content pollute more.  
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ABSTRACT  
 
Protective clothing guards the wearer from environmental and working conditions hazards. The production and 
certification of protective clothing in according to the standards is very important for the health and safety of the 
wearer. In this paper detailed information about the standardization of protective clothes and certification procedures 
are given. 
  
Keywords: Protective clothing, standardization, certification, Personal Protective Equipment Regulation, conformity  
 
 
1. INTRODUCTION 

Technical textiles are manufactured and used essentially for their functional properties and 
technical performance rather than their aesthetic or decorative characteristics [1]. Protective 
textiles are one of the very important application areas of technical textiles used against a variety 
of hazards.   Protective clothing refers to garments and other fabric-related items designed, 
fabricated, or treated to protect the wearer from extreme environmental and dangerous working 
conditions, safeguard the user against possible risks that may result in injuries or death. It is a part 
of the personal protective equipment (PPE) suite. Protective textiles are classified according to the 
end-use functions such as chemical- biological protection, mechanical impact protection, thermal 
(cold) protection, flame protection, radiation protection, wearer visibility and electrical protection. 
While developing the specialised protective textiles it should be considered that, each hazard has 
its own functional behaviour. Therefore, all protective clothes should be specifically designed and 
produced to meet the basic requirements against possible risks. In some cases, there may be need 
to protection against more than one threat, such as, protection to cutting or chemicals in addition 
to the protection from fire could be require for firefighter clothing [2-6]. 
 
Standards have become the common language of international trade in today's world, where a rapid 
globalization process is experienced with the development in production technologies.  
Standardization is the establishment and application of certain rules with the assistance and 
cooperation of all parties involved, so standardization of specifications or test methods facilitate 
trade and reduce costs. According to the contents, standards can be divided into different categories 
such as product requirements, test methods, requirements for quality management in testing, 
production and certification. In terms of protective clothing, standardization is a key factor for 
users’ safety [5,7]. Various national and international standardization associations have developed 
standard test methods and performance specifications since the early 1990s to assess the 
performance properties of protective clothing.  The standards for PPE contain safety requirements 
and, as far as this is necessary, descriptions of the test methods to be used. These standard test 
methods and performance specifications ensure that the performance data on protective clothing 
are useable, comparable and meaningful [6,8,9]. 
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2. STANDARDIZATION AND CERTIFICATION OF PROTECTIVE CLOTHING 

In many countries protective textiles fall under the framework of legal regulations. Legal 
authorities on occupational safety and health in all developed industries accept Personal Protective 
Equipment (PPE) safety as an essential social factor. If employees used the proper PPE, the 
majority of workplace injuries can be avoided. Employers have to guarantee a series of 
requirements to protect the worker.  The level of protection of protective garments can be ensured 
by standards based on advances in the materials used, technical progress in the world, the 
development of legislation about vocational safety and health, and the consciousness of the user 
[5]. 
 
The product standardization of PPE in Europe is based on the Council directive 89/686/EEC (EC- 
European Community, 1989a) which lays down the basic safety requirements. The provisions of 
this directive concern the design and manufacture of PPE to ensure a safer working environment. 
More than 300 of European standards for PPE have been developed for equipment conformity to 
the directives.  There is a clear difference between the use of PPE products and the manufacture 
of PPE in Europe. The use of PPE is under authority of EC directive 89/656/EEC (called `users 
directive') relevant to the minimum safety and health requirements for using of PPE at the 
workplace (EC, 1989b). In North America the standardization is mainly implemented by US 
Department of Labor, Occupational Safety and Health Administration (OSHA). Under a regulation 
of OSHA, employees must use the proper PPE to avoid workplace hazards and an employer must 
meet specific requirements about that [5,6,8].  
 
CEN (European Committee for Standardisation) carries out standardization in the field of PPE, as 
in other fields. Seven technical committees (TC) from CEN are involved in establishing the 
standards. These committees include working groups (WG) or subcommittees (SC). The TC 162 
with 12 working groups is the responsible committee for protective clothing, hand and arm 
protection and lifejackets.  
 
Standardization of International PPE over the worldwide is accomplished by ISO (International 
Standardisation Organisation).  Technical Committee (TC) ISO/TC 94 and a series of 
subcommittees (SC) takes place standardisation of different types of PPE. IEC (International 
Electrotechnic Commission) carries out the standardisation of protective clothing especially 
against electric risks (arcing heat, shock, electromagnetic radiation etc.) [5,6]. 
 
In Turkey, within the scope of Personal Protective Equipment Regulation, there are provisions on 
Conformity of Personal Protective Equipment, Conformity Evaluation and Use of Personal 
Protective Equipment. TSE (Turkish Standard Institution) executes the conformity assessment 
activities within the scope of the Personal Protective Equipment Regulation. It has been prepared 
within the framework of harmonization with the European Union legislation [10]. 
 
Although standards are very important tools providing a common language about protective 
clothing, conformity assessment to a standard is required to show minimum level of protection 
from hazards. This shows the customer that the product meets the requirements and helps with the 
purchasing decision. Also, provide confidence to the producer about the product [11]. PPE 
products are classified in four categories in terms of on the importance of hazard (simple, medium, 
complex) they protect against (Table 1).  According to these categories, the required set of tests 
and certifications of a product are different [12].  
 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 
 

452 
 

Table 1. Categorization of personal protective equipment according to protection against the hazards [5,12] 
 

 
Risk Categories of PPE 

 
Type of PPE 

 
 
 

III 

PPE models of complex design intended to protect against 
life-threatening hazards or serious harm to health (harmful 
biological agents, fire-fighters' clothing etc.) 

 
II 

All PPE includes other than those listed in categories I 
and III (high-visibility warning clothing, welders clothing 
etc.) 

 
I 

PPE models of simple design, user can himself assess the 
level of protection (simple gardening gloves etc.) 

 
0 
 

PPE excluded from the scope of the PPE directive 
89/686/EEC (PPE for use by the police and armed forces)  

 
 
This classification is very important for the required set of tests and certifications (conformity 
assessment) of a product.  For the category I (simple protective clothing for minimal risks), a self-
conformity statement by the manufacturer is sufficient. The manufacturer has to apply for an EC 
type examination to a notified body for the products of category II (middle hazard potential). EC 
type examination is the procedure whereby the approved notified body establishes and certifies 
that the PPE model satisfies the relevant provisions of the directive. The EC type examination 
alone is not sufficient for PPE of category III (includes serious life-threatening risks). Additional 
measures for quality assurance during the serial manufacturing process of the product are required. 
These measures are obligatory and must be controlled by a responsible authority.  
 
According to the European regulation, before placing a PPE on the market, the manufacturer has 
to carry out a `EC declaration of production conformity’.  The CE (European conformity label) 
mark is affixed on each personal protective equipment. This is a schematic declaration of 
conformity with the relevant health and safety requirements of the PPE directives. In EC type 
quality system, manufacturer applies all requirements to ensure that the manufacturing process, 
including the final inspection of PPE and tests, the homogeneity of production and the conformity 
of PPE with the type described in the EC type certification and PPE directive. Following the "CE" 
mark, the standard identification number of the notified body performing the execution of the 
certification procedures should be included. In addition to the CE marking, business name and full 
address of the manufacturer, the European standard fulfilled, type, name of the product, size, 
pictogram for the risk that the product should protect against, including performance classes, and 
care labels must be presented on the PPE product [5, 10, 12]. 
 
3. CONCLUSION  

Protective clothing is used to protect wearer from serious workplace injuries or illnesses resulting 
from contact with chemical, radiological, physical, electrical, mechanical, or other environmental 
hazards.  
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The production and certification of protective clothing in according to the standards is very 
important necessity for the health and safety of the wearer. The standardization of personal 
protective clothing is carried out on international (ISO), European and national levels by different 
technical committees.  There are a lot of ISO and European Standards, relevant test methods for 
protective textiles. According to the European regulation, before placing a PPE on the market, the 
manufacturer should carry out a `EC declaration of production conformity'. CE mark is a 
conformity label to guarantee correspondence to the requirements of the safety and health. PPE 
products are classified in four categories depending on the hazard potential they protect against. 
This classification is very important for the required set of tests and certifications. According to 
these categories, different situations from manufacturer conformity statement to EC type 
certification by notified body could be required.  
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ABSTRACT 

Artificial intelligence applications have proliferated across diverse sectors including technology, healthcare, finance, 
retail, transportation, and even within artistic and cultural domains. The year 2022 witnessed a significant surge in 
the prominence of AI-powered tools such as MidJourney, Stable Diffusion, DALL·E, and ChatGPT. This paper 
intends to present the potential impact of AI on the creation of art. The visuals of the textile art piece titled 'Imaginary 
Izmir: From Ancient Times to Artificial Intelligence' were collaboratively generated employing MidJourney. The 
artwork indicates the historical and cultural essence of Izmir from different periods by combining a traditional 
technique with a modern approach. 

Key Words: Artificial intelligence, AI art, midJourney, textile art 

 

1. INTRODUCTION 

The idea of creating systems that "think like humans" first emerged in the 1950s, and John 
McCarthy conceptualized this idea as "artificial intelligence" in 1956. Artificial intelligence 
studies have come to a halt from time to time due to economic conditions and high expectations 
[1]. Nevertheless, at present AI applications continue to develop at full speed and used in many 
sectors such as technology and computer, health and medicine, finance and banking, retail and 
e-commerce, transportation and automotive, textile and fashion, as well as in the field of art and 
culture. 

Throughout 2022, a remarkable surge in AI-powered tools such as MidJourney, Stable Diffusion, 
DALL·E, and ChatGPT has captured widespread attention. These models manifest the capability 
to generate distinct images or textual content through a synthesis of human- supplied text 
prompts, specified parameters, or imagery. In the wake of DALL·E and MidJourney gaining 
considerable traction within the mainstream, a fervent discourse has ensued at the confluence of 
artistic and technological domains. This discourse primarily orbits the adverse ramifications of 
AI-generated imagery upon the professional cadre of artists. Notably, this deliberation exhibits 
a pronounced polarization, characterized by vociferous assertions from disparate factions, often 
marked by a lack of constructive dialogue and meaningful engagement [2] 

Indeed, considering the humanistic dimension of art, distinct from the conventional advancement 
of human intelligence within the realms of science and technology, the emergence of AI 
constitutes a paradigm shift, offering novel dimensions to the domain of art. Central to this 
discourse is an exploration of how AI engenders shifts and alterations in our perceptual 
understanding of art, thereby illuminating a vital area for scholarly deliberation and 
contemplation [3]. 
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2. CREATING ART WITH ARTIFICIAL INTELLIGENCE 

Generative Adversarial Networks (GAN) accelerated the use of AI among the artists due to their 
ability to create high quality realistic images. However, GAN have some disadvantages including 
instability, training requirements, evaluation, and lack of diversity in the images [4]. Eva Cetinic 
and James She classify the activities and researches related to “AI and Art” into two categories. 
The first category focuses on the process of analyzing existing art through the instrument of AI, 
while the second category focuses on AI created art [5]. This new art form, called hybrid art, is 
based on the principle of obtaining art products through human-machine collaboration with 
technological opportunities such as graphic design programs, 3D printers and artificial 
intelligence [6]. According to Burnett, “Artificial intelligence is a metaphor for information 
processing and modeling. The assumption is that as new information is introduced to the 
computer, it will be capable of processing new information into the existing models that have 
been part of its operations. To some degree, the hope is that the computer will be able to use 
enough of its “intelligence” to move beyond the limitations of the information it has received 
and to develop predictable as well as unpredictable outcomes. To some degree, the more 
autonomous the computer, the more it “feels” as if there is intelligence, especially if the 
programming process allows the computer to effectively work on its own” [7]. 

Harold Cohen, who was an academician at the University of California, is widely acknowledged 
as a pioneering figure in AI art. In 1973, he started working on an art creation program called 
AARON. He worked as a guest lecturer at Stanford University's Artificial Intelligence 
Laboratory and managed to create an algorithm that implemented his own painting technique 
[8]. In 2018, a collective named “Obvious” uploaded approximately 15,000 portrait paintings 
produced between the 14th and 20th centuries to GAN's database [9]. The network tried to create 
its own portrait named the "Portrait of Edmond Belamy”, and this is the first AI art portrait sold 
for $432.500 at Christie’s [10]. 

3. IMAGINARY IZMIR: FROM ANCIENT TIMES TO ARTIFICIAL INTELLIGENCE 
SERIES 

The visuals of the textile artwork titled "Imaginary Izmir: From Ancient Times to Artificial 
Intelligence" were created with the collaboration of MidJourney and textile artist Elvan 
Özkavruk Adanır in 2023. The artwork aims to reflect the history and cultural values of Izmir by 
blending the traditional with the modern. The historical and cultural heritage of Izmir is 
reinterpreted through an imaginary perspective. Using artificial intelligence, 40 images of Izmir 
from different periods have been created and 15 of them were selected by the artist. Each period is 
represented by three visuals (Figure 1-5). The color and size adjustments of these images were 
made by using Adobe Photoshop program. The images were transferred onto leftover polyester 
fabrics through digital printing. Traditional quilting technique was used to give dimension by 
using metallic and cotton threads where all the stitching was done by hand. Finally, each artwork 
combines the texture of the past with a modern approach, showcasing the harmony of art and 
technology. “Imaginary Izmir: From Ancient Times to Artificial Intelligence” was exhibited in 
Turkish Textile Biennial in İzmir in 2023. 

4. CONCLUSION 

Artistic works carried out in collaboration with artificial intelligence will undoubtedly increase in 
the coming years. Although there are various discussions about ethics, imitation, and ownership 
after each AI artwork, it is thought that this developing technology will take artists and art lovers 
on an exciting journey. 
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Figure 1: “Imaginary Izmir from Ancient Times to Artificial Intelligence” Series, Ancient Times 
 

 

 

  

Figure 2: “Imaginary Izmir from Ancient Times to Artificial Intelligence” Series, 15th Century Izmir Bay from 
Kadifekale 

 

 
 

Figure 3: “Imaginary Izmir from Ancient Times to Artificial Intelligence” Series, 18th Century Izmir Inner Bay 
 

 

 

 

 

 
Figure 4: “Imaginary Izmir from Ancient Times to Artificial Intelligence” Series, 19th Century Izmir: Carpet 
Merchants and Izmir Streets 
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Figure 5: “Imaginary Izmir from Ancient Times to Artificial Intelligence” Series, 21st Century Izmir: Suburbs and 
the City 
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ABSTRACT 
 
Baby/child carriers are support devices used by adults to carry children in close contact with their bodies. They 
are made from a variety of raw materials and fabrics with varying degrees of stiffness to provide adequate support. 
Modern textile baby carriers are ergonomic and support the child's natural posture, promote physical development, 
are safe, allow freedom of movement and are comfortable. Knitted baby wraps are simple in shape and are suitable 
for waste-free production on a flat knitting machine. As part of the research, we have designed a multipurpose 
baby wrap made of single jacquard knit and interior textiles for the nursery. 
 
Key Words: Knitting, knitted fabric, baby carrier, wrap, ring sling 
 
1. INTRODUCTION 
 
Baby and child carriers are support devices used by adults to carry children in close contact 
with their bodies. They help carry or hold the child for long periods of time during walks, 
outings, errands, etc. Adults can carry the baby in contact with their abdomen and chest, at the 
hip, or on their back. The babies can face the adults to interact with them, or they can face away 
from them to observe their surroundings while being carried close to the chest or at the hip. 
Baby carriers are made from a variety of raw materials and fabrics that vary in stiffness to 
provide adequate support. Modern textile baby carriers are ergonomic and support the child's 
natural posture, promote physical development, are safe, allow freedom of movement, and are 
comfortable [1]. 
 
There is a lot of information, reviews and advice about baby/child carriers on the websites of 
manufacturers and sellers of these products, as well as on parenting blogs. Many scientific 
studies have also been conducted, e.g. from the area of measuring loads during baby carrying 
[2, 3, 4], on the physiological response of wearers in terms of muscle load, etc., during the use 
of different carriers [5, 6], on the impact of carrying newborns in baby carriers on the duration 
of breastfeeding [7], etc. All this proves that baby carriers are a marketable product that requires 
comprehensive planning. 
 
For over a decade, baby carriers have (re)enjoyed popularity; they are especially useful for 
carrying babies and children when the stroller is too rigid and in the way. Baby carriers increase 
the comfort of the wearer when carrying children and free up the hands, but at the same time 
must provide the baby/child with adequate position and support for the head and spine. The 
child must not be shrink-wrapped in the carrier, as such a position may impede his/her 
breathing. When using carriers, the baby's/child's age and stage of development must be 
considered; experts do not recommend the use of carriers until the child is 3 months old. Parents 
who choose and use an unsuitable baby carrier that is not adapted to the age and developmental 
stage of the child unintentionally influence its development and risk spinal damage [8]. 
 
Carrying children is strenuous work that consumes a lot of energy. The weight of a child 
increases rapidly with growth: from about 3 kg at birth to about 10 kg at the age of one year. 
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Energy consumption when carrying a baby in a carrier is lower than when carrying a baby in 
the arms, but higher than when carrying a baby on the back [2]. Babywearing has many 
advantages at the same time: 
 
• allows freedom of movement for the wearer, 
• calms the child as he/she feels the touch, rhythm and heartbeat, 
• facilitates communication and helps to identify the child's needs, 
• allows the father to participate more actively in the care and upbringing of the child, 
• facilitates play and care for siblings 
• helps in the occurrence of colic [9]. 
 
Children in baby carriers can suck and bite, drool and sweat on the material, so they must be 
made of materials that do not contain harmful substances [8]. 
 
We know different types of baby carriers: wraps, soft structured carriers, ring slings, pouch 
slings, and Asian style baby carriers (Figure 1). 
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(a) (b) (c) (d) (e) 
 

Figure 1. Different types of baby carriers: (a) wraps, (b) soft structured carriers, (c) ring slings, (d) pouch slings 
and (e) Asyan style baby carriers 

 
2. EXPERIMENTAL 
 
Knitted baby wraps are simple in shape and suitable for waste-free production on a flat knitting 
machine. In the research work we investigated baby wraps and their possible multifunctionality. 
In the theoretical part, we studied baby carriers over time and in different cultures, as well as 
traditional concepts in the development of children's clothing and equipment. Based on the 
theoretical research and literature review, we designed a multipurpose baby wrap made of single 
jacquard knit and interior textiles for the nursery. 
 
The inspiration for the structured jacquard knit was a pattern with a swallow motif (Figure 2), 
which is a symbol of spring and freedom of movement, as well as happiness, prosperity, loyalty 
and progress. Since the knitted baby carrier is wrapped around the wearer's body in several 
layers when carrying a baby, which can cause discomfort, especially in warm climates, we 
chose a single jersey structure combined with a porous structure (swallow motif). 
 
The jacquard pattern was designed using Shima Seiki software at the pattern station SDS. The 
knitted baby wraps were made on a flat knitting machine SHIMA SEIKI SES 122 RT with 
gauge 12E. A 100% organic cotton (Bio Ethic, Alpes) 20x3 tex yarn was used for knitting, as 
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organic cotton yarns are often used for making elastic knitted baby wraps. The yarn has Oeko-
Tex Standard 100 and GOTS certificates. According to the manufacturer, products made of Bio 
Ethic yarn can be machine washed at 30°C, ironed at up to 110°C and dry cleaned with 
perchloroethylene. 

 
 

Figure 2. Single jersey with swallow mesh motif made of 100% organic cotton yarn 
 
A 460 cm long and 55 cm wide fully fashioned strip was knitted for the baby wrap. The 
beginning and the end of the strip were knitted diagonally. A rib structure was incorporated 
along the long edges to reduce the tendency to curl. In addition, holes were made along the 
longitudinal edges at a distance of 1.5 cm to allow the assembly of the strip and its 
transformation into other products by folding, collapsing and sewing. 
 
The functional properties of the fabric from which the baby wrap was made were tested using 
standard methods: elasticity, heat transfer, pilling and abrasion resistance. 
 
3. RESULTS AND DISCUSSION 
 
The fully fashioned knitted strip was designed to encourage creativity and transformation into 
a range of other products based on DIY hand textile techniques. With the personal involvement 
of the user, the industrially produced baby wrap can become an individualized, sustainable, 
multipurpose product with an extended life span. Figure 3 shows different ways of transforming 
the knitted strip by folding, sewing, decorating with a satin ribbon, adding tassels, etc. 
 

(a) (b) (c) (d) 
   

Figure 3. Various functions of the fully fashioned knitted strip: (a) baby wrap, (b) baby ring sling, (c) nursing 
mother cape and (d) decorative pillow 
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The elasticity test (SIST EN 14704-2: 2007) showed that both the plain single jersey and the 
porous jacquard knit have good elastic recovery. The abrasion resistance test (SIST EN ISO 
12947-1: 1999.) showed that both knits begin to tear at 5000 cycles. The pilling resistance test 
(SIST EN ISO 12945-2: 1999.) gave both structures a value of 3 at 5000 rubbing cycles. The 
thermal conductivity (DIN 52 612) is almost the same for both knits (0.08 W/mK). 
 
4. CONCLUSIONS 
 
The study showed that fully-fashion flat knitting using eco-cotton is a suitable technology to 
produce sustainable knitted multipurpose baby wraps without waste. The research results also 
showed that the combination of plain and mesh single weft knitting ensures suitable 
performance characteristics for making a knitted baby wrap. Knitted baby carrier wraps can be 
designed and manufactured as multipurpose products. By folding and sewing, they can be 
transformed into a product with a different functionality. This versatility increases their 
sustainability value. In addition, mass-produced knitted baby wraps can be customised using 
creative DIY textile techniques. 
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ABSTRACT 
 
Both fashion and technology are described as interdisciplinary processes that combine different disciplines and 
tools to create user experiences. Throughout history, they have found points of contact and strongly influenced 
each other. Fashion, design, natural sciences, engineering, and economics and management combine in a field also 
known as "fashion-tech”. Major knitting machine manufacturers have joined the fashion-tech stream, showcasing 
the capabilities of their machines at textile machinery shows such as ITMA, as well as fashion yarn trade shows 
such as Pitti Filati, technical textiles trade shows such as Techtextil, and functional textiles trade shows such as 
ISPO sports trade show. 
 
Key Words: knitting, fashion, technology, sustainability, internet of things 
 
1. INTRODUCTION 
 
With the development of science and technology, as well as society and daily needs in general, 
both professional and personal life is becoming more and more »technical« in every aspect. 
Modern life encompasses a large amount of very different information. The increasing fast pace 
of life and the pursuit of a higher standard of living are accompanied by ever-increasing 
demands, as well as the need to use engineering devices and assistive technologies that facilitate 
manual labor, shorten work processes, and provide greater safety, accuracy, and repeatability 
in every aspect of life and work. Science and technology have transformed our lives and 
impacted important areas of society such as education, health, communications, transportation, 
business, and more. However, efforts must be made to ensure that inventions and discoveries 
in these areas are always used in the interest of all humanity and make the world a better place 
[1]. In addition to improved communication, better access to information, more flexible 
working, smarter health monitoring, reduced privacy, and virtual social life, shopping has also 
become more accessible. It's convenient to shop online, and what's more, it's become a necessity 
during the lockdown caused by the Covid 19 pandemic. Instead of being physically present to 
open a shop, you can now do it online, and the ease of creating professional-looking websites 
further helps sell products or services [2]. 
 
2. HIGH-TECH, FASHION-TECH, ECO-TECH AND INTERNET OF THINGS 
 
High-tech textiles and clothing take advantage of advances in science and technology to design 
contemporary, high-performance products. The methods used in the production of high-tech 
textiles and clothing borrow ideas and concepts from chemistry, computer science, aerospace 
engineering, automotive engineering, architecture, industrial textiles, high-performance 
sportswear, etc. High-tech textiles occupy a special position. Part of their production has 
become more and more merged with everyday life, as the once specific and extravagant needs 
of consumers that could only be met by special or technical textiles and clothing have gradually 
become conventional needs [3]. 
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Both fashion and technology are described as interdisciplinary processes that combine different 
disciplines and tools to create user experiences. Throughout history, they have found points of 
contact and strongly influenced each other. As the fashion world embraces technological 
advancements, the industry has changed on both the production and consumption sides [4]. 
Fashion-tech products and/or services can be developed for their functionality, to create 
communication opportunities, and for greater sustainability [4], as well as to improve the way 
we produce and consume fashion [5]. Fashion-tech designers are designing wearables that give 
new functions to the human body and interact with the environment. Tools such as 3D printing, 
artificial intelligence, augmented reality, and digital fabrication are among the recent 
technological advances that enable the design of these smart textiles [6]. Major knitting machine 
manufacturers have also joined the fashion tech stream, showcasing the capabilities of their 
machines at textile machinery trade shows such as ITMA, as well as fashion yarn trade shows 
such as Pitti Filati, technical textiles trade shows such as Techtextil, and functional textiles trade 
shows such as ISPO sports and Performance days trade shows. 
 

 
 

Figure 1. Shima Seiki self-foldable fashion accessories at Itma 2023 in Milan 
 

Eco-tech fashion was first introduced by Sarah Scaturro in a 2008 article titled "Eco-Tech 
Fashion: Rationalizing Technology in Sustainable Fashion" in the journal Fashion Theory. The 
term "eco-tech" originated in the field of architecture and refers to the belief that technology is 
a necessary component of a truly sustainable system [7]. Nowadays, attention to issues such as 
sustainability, environmental protection and health is growing both in public opinion and 
among policy makers. In this context, the textile and clothing industry as a whole, as well as 
individual sectors such as the knitting industry, are considering adopting sustainable 
development as a business model that pays more attention to environmental issues and human 
well-being. However, the path to sustainability as a means of promoting growth requires both 
technological and cultural innovation [8]. 
Textile and clothing trade shows such as Techtextil, ITMA and ISPO have shown that more 
and more companies are adopting approaches to greater sustainability based on the "cradle-to-
cradle" concept. In knitting, the main focus is on using recycled, reused or even waste materials 
and increasing production efficiency. Shortening the manufacturing process of a knitted product 
can be achieved in three ways: by increasing production speed/efficiency, by introducing new 
technology that allows certain process steps to be skipped, such as seamless knitting, or by 
merging two or more processes into one, such as hybrid spinning- knitting and sock toe-closing 
directly on the knitting machine. 
In the last decade of the 20th century, knitting seamless clothing accessories evolved into 
knitting seamless garments. The manufacture of pantyhose led to the development of body-size 
seamless circular knitting machines, while the manufacture of gloves inspired the development 
of the so-called »Wholegarment« and »Knit&Wear« flat knitting machines. This was followed 
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by the development of seamless warp knitting machines. All this led to a commercially 
successful, low-waste or even waste-free seamless knitting industry of the 21st century. Yet 
there seems to be a dilemma as to whether seamless knitting is really as sustainable as it is made 
out to be. 
German flat knitting machine manufacturer STOLL recently presented its contribution to low-
waste production in the form of a suit knitted almost entirely in one piece. In addition to greater 
sustainability, the suit offers the look of conventional woven counterparts and the typical stretch 
comfort of knitwear. It was developed in collaboration between The Woolmark Company, 
Südwollgroup, Hugo Boss AG and STOLL [9]. 
 

 
 

Figure 2. Woolen knitted suit, produced on a STOLL machine [9] 
 

Knitting is a constantly evolving process technology that, when combined with digital modeling 
and design, offers remarkable potential for unlocking opportunities by connecting to the 
Internet. Knitted fabric manufacturers are increasingly using Inetrnet of Things technology in 
the manufacturing process to improve production efficiency. Knitting machines equipped with 
IoT sensors are connected to the Internet, enabling real-time monitoring of production 
equipment. IoT technology is also used for predictive maintenance of machinery in fabric 
manufacturing facilities. The data collected from knitting machines in real time helps optimize 
production planning. For example, knitting machines from knitting and cutting machine 
manufacturer Shima Seiki can be connected to the company's own product lifecycle 
management software for efficient production management. 
 
3. SUSTAINABILITY 
 
As part of the recent trend toward sustainability in modern society in general, the knitting sector 
has also been emphasizing social responsibility and the careful use of resources in the knitting 
sector as well. Focus has been placed on reusing, recycling and upcycling raw materials and 
reducing or even eliminating knitting waste. Manufacturers and users were encouraged to 
rethink processes and volume of production and consumption. Knitting machines that offer 
environmentally friendly manufacturing techniques with less impact on people and the 
environment, and production processes that significantly reduce time losses or unproductive 
time gaps between manufacturing phases were favoured. Increasing knitting speed has also 
become a major issue, with recent evidence that some manufacturers have reached the peak. In 
short, sustainability is not just a new approach or trend that is fashionable right now, but a must, 
a mandatory concept for the survival of businesses in the future [10]. 
On the other hand, in the field of knitting, there is an antithesis to industrial mass knitting - hand 
knitting, which has recently been revived as a »do-it-yourself« activity, especially during the 
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Covid-19 pandemic. Hand knitting is primarily important as a leisure activity with relaxing and 
therapeutic effects, rather than as an economic activity, although the entry of hand knitting into 
street and high fashion is not entirely negligible. Discussing the importance of hand knitting in 
the highly technical environment of the 21st century seems like a step backwards. However, 
DIY fashion trends in knitting raise awareness of unnecessary consumerism and the 
recyclability of textiles and clothing, and influence awareness of the crucial importance and 
inevitability of sustainability in modern society. 
 
4. CONCLUSIONS 
 
Hi-tech, fashion tech and eco-tech concepts play an important role in the knitting industry. Knits 
and knitwear represent an important sector in the field of fashion and technical textiles, even 
though they are often still seen in people's minds as simple, traditional everyday items. With 
sustainable, multifunctional, high-tech and high-performance knitted products designed 
through material, mechanical and chemical functionalization, a new awareness of the potential 
of knits and knitwear has emerged. Although the development of sustainable knitting materials 
and knitting equipment is enabling a slow but steady transition to a sustainable society, the 
current growth and expectations for further growth of the knitted fabrics and knitwear market 
indicate that consumerism is still strongly entrenched and awareness of the importance of 
rational production and consumption in knitting is still far off. 
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ABSTRACT 

In this study, we focus on one of the significant process of denim producing: Denim Washing. Dry treatments or 
nearly water-free treatments are slowly becoming a sustainable trend for replacing traditional wet treatments in 
denim washing, such as laser and ozone treatment. In coming years, denim washings may involve only such dry 
or water-free treatments. We are trying to support such a clean applications’ performances with our eco-friendly 
products. We improved ozone treatment’s performances with chemical’s special penetration properties. 

Key Words: Ozone, booster, washing treatment, oxidation, auxiliary chemical.  

1. INTRODUCTION 

Denim, a cotton woven fabric, may be the most considered article of style today. It is an icon 
and one of the most familiar products within the textile industry that attracts all age groups. 
Today design is deficient without denim. [1] The most well-known denim is indigo denim, in 
which the twist string is coloured whereas the weft string is left white. 
 
The use of denim items in the world has expanded in past years. The global denim jeans market 
size was valued at $56,204.8 million in 2020 and is estimated to reach $88,138.0 million by 
2030, registering a CAGR of 4.2% from 2021 to 2030. (CAGR: Compound Annual Growth 
Rate) 
 
The resources consumed by such a large industry throughout the process is high. Although 
denim and jeans have a prominent role in the fashion trade, it is time to think about jeans’ 
impact on the environment. The American Chemical Society mentioned that the production of 
a pair of jeans consumes more than 10000 L of water (including cotton growing, dyeing and 
processing of denim), about a half kg of chemicals (in the form of dyes, auxiliaries and finishing 
agents) and a vast amount of energy (including the irrigation of cotton and subsequent processes 
such as spinning, weaving etc.) [2]. 
 
Denim washing stands out as a part of the essential production processes needed to meet the 
rapidly rising and changing fashion market’s demands. Denim washing is an aesthetic finish 
that is imparted to fabric to improve the softness and comfort of the fabric. In addition, the 
fabric achieves a different look such as a faded or worn-out appearance.  
 
Sandblasting, Microsanding are like a mechanical finish which uses sand containing silica. 
Silica dust spreads in air and poses serious respiratory disease such as silicosis.  
 
Chemical washing like bleaching employs chemicals such as sodium hypochlorite or potassium 
permanganate. It is harmful to human health and corrodes the stainless-steel drum of the 
bleaching machine. The effluent contains chlorinated organic substances which cause severe 
pollution to the environment. 
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Dry treatments or nearly water-free treatments are slowly becoming a sustainable trend for 
replacing traditional wet treatments in denim washing, such as laser and ozone treatment. Laser 
treatment is a water-free, colour fading treatment of denim and is an ecological and economical 
process. Lasers can create local abrasion, fabric breaks and a ‘used’ look effect with excellent 
reproducibility and higher productivity [3]. 
 
In ozone treatment, the ozone generated in the equipment can provide a bleaching effect. 
Commercially available ozone equipment is operated like a washing machine but without much 
use of water for the colour fading process. In coming years, denim washings may involve only 
such dry or water-free treatments. 
 

 
Figure 1: Denim Washing Techniques 

 

2. EXPERIMENTAL 

Ozone bleaching process is extremely important to eliminate toxic chemicals and to use them 
instead of potassium permanganate and similar chemicals in the denim industry. 

Ozone washing is based on a natural process that ensures the enrichment of oxygen. In order to 
bleaching at desired level and homogeneous, it is preferred to use auxiliary chemicals in dry 
and wet method. 

With the developed product; -completely ecological OXYBOOST DRY-, the clean production 
ozone bleaching process is supported and the performance of treatment is increased. In this 
study, the fading effect of chemicals on denim fabrics and the chemical’s effects on human 
health, also the consumption of water and chemical compared to the traditional method.  

Denim 
Washing

Mechanical Washing

• Stone wash
• Sand blasting
• Micro sanding

Chemical Washing
• Denim bleaching
• Enzyme wash
• Acid wash
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Figure 2: Cycle of formation and destruction of ozone 

 
 

  
Figure 3: Schematic meachanism of denim bleaching with ozone 

 
3. RESULTS 
 
For determining the fading effect of chemicals to the denim fabric, the surface color is measured 
with Optical Spectrometer.  
 
The strength properties of treated denim fabric also studied and compared with untreated one.  

 
Table 1: Tearing Strength of treated denim fabric 

  
Tearing  Strength(N, Newton) 

  OZONE ITSELF WET PROCESS OXYBOOST 
DRY 
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Parallel to the warp 
(Weft length) 

17,27 13,67 18,11 

17,86 12,92 18,91 

17,50 13,60 17,99 

18,13 13,67 17,75 

16,07 15,05 17,66 

Avg. 17,37 13,79 18,08 

 
  
GSM (g/m2 ) 

OZONE ITSELF 280 

WET PROCESS 263 

OXYBOOST DRY 277 

 
Table 2: Fading Properties with optical Spectrometer 

  
The colour difference  

Samples L* a* b* 

OZONE 
ITSELF 

26,80 -0,31 -9,52 

WITH WATER 33,57 -1,44 -14,86 

OXYBOOST 
DRY 

37,30 -1,89 -13,03 

 
4. CONCLUSIONS 
 
It is obvious that ozone treatment has a significant impact on the mechanical and color 
properties of denim. Due to Ozone’s high oxidation potential (E = 2.07 eV) denim should be 
treated with a medium concentration of ozone for a short period of time. Aspecially for 
protecting the strength properties of denim fabric the process of ozone should activate with an 
additive. With Oxyboost Dry the tearing strength and the GSM properties of the denim fabric 
are developed. With the comparison studies, ıt is clear that; Water isn’t enough to improve 
penetration properties. If the pick up amount cannot be adjusted correctly, water entering the 
cellulose spaces will delay bleaching. For an advance appearance with more sustainable way, 
DRY behave like an activator so desired results can obtain with less application time.  With the 
development of like these products and technologies, the number of studies that will focus on 
more ecofriendly sustainable textile production will increase. 
 



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 

470 
 

5. REFERENCES 
[1] PAUL R. Denim and jeans: an overview. Denim: manufacture, finishing and applications. 
2015.p 1. 
[2] SARRA BEN HMİDA, AND NEJİ LADHAR., Ozone: Scıence & Engıneerıng 2015, p, 
15.  
[3] AYSEGUL E. KORLU., The Journal of the International Ozone Association, 2006,p,24. 
 
  



 
 

 XVIth International Izmir Textile and Apparel Symposium 
October 25-27, 2023 

 

471 
 

AN INVESTIGATION OF ELECTROMAGNETIC SHIELDING 
EFFECTIVENESS PROPERTIES OF POROUS STRUCTURE IN  

NON-WOVEN FABRICS 
 

Sinem Tiryaki Güzel1, Erhan Sancak2, Mustafa Sabri Özen2 

1 Marmara University, Institute of Pure and Applied Sciences, Textile Engineering, Istanbul, Türkiye. 
2 Marmara University, Technology Faculty, Department of Textile Engineering, Istanbul, Türkiye. 

sinemtiryaki@live.com  
 
ABCTRACT 
 
In the study, electromagnetic shielding efficiency (EMSE) absorption and reflectivity properties of fabric produced 
from staple stainless-steel fibers and recycled staple polyester fibers by carding and needling technologies were 
investigated. As the conductive fibres were very expensive, the aim of the study was to obtain optimum shielding 
effectiveness with usage of minimum conductive fibres. The fibre webs were formed at wool type carding machine 
and then the folded webs were bonded mechanically with needle punching machines. As shown in the figure 
below, fabric structures with 4 different pore sizes of the conductive structure were produced. It was aimed to 
investigate the effect of the pore size formed by the conductive structures on the electromagnetic shielding 
efficiency. Electromagnetic shielding properties, absorption and reflection characteristics of needle punched 
nonwoven fabrics were performed by coaxial transmission line method according to ASTM-D4935-10 in the 
frequency range of 15MHz to 3000MHz. It is a known fact that electromagnetic shielding effectiveness increases 
with the increase of the pore size and the amount of conductive fibre. The developed EMSE nonwoven fabrics 
have potential applications in defence applications such as military tent, military secret room, protective cover, 
missile cover and building as an EMI shielding material. 
 
Keywords: Electromagnetic shielding (EM) effectiveness, Electromagnetic radiation, Stainless steel fibre, 
recycled polyester fibre, Needle punching, Nonwoven fabric  

1. INTRODUCTION 
 
With the rapid growth of the electrical and electronic devices and accessories, which emit 
electromagnetic energy in the different frequency bands used in the markets, it becomes 
essential to limit and shield electronic equipment against all sources of interference due to all 
these electromagnetic energies [1-3]. Among the various solutions offered, textile products and 
textile-based composite materials have caught the attention of researchers for the versatility and 
conformability these textile structures provide. Increased awareness of EMI has led to the 
formulation of new regulations around the globe for the manufacturers of electrical and 
electronic equipment to comply with the electromagnetic compatibility requirements [3-7]. If 
an electromagnetic wave gets into an organism, it vibrates molecules to give out heat. In the 
same way, when an electromagnetic wave enters the human body, it will obstruct a cell’s 
regeneration of DNA and RNA. Furthermore, it brings on abnormal chemical activities to 
produce cancer cells and increases the possibility of leukemia and other cancers. Injuries by 
electromagnetic waves to the human body are the top priority of professionals and scholars, and 
we are most concerned with solving this problem [7-13]. 
 
2. EXPERIMENTAL 
 
In this study, conductive fibers were used to produce non-woven textile fabrics with conductive 
properties. Polyester (PES) fibers were produced as cheesecloth in the sample screening 
machine. The conductive fibers were placed on the cheesecloth by following the determined 
geometric placement between the produced cheesecloths. Non-woven textile surfaces were 
produced by needling the created cheesecloths in the needling machine. Structural and 
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electromagnetic shielding efficiency measurements of the produced non-woven textile surface 
structures with conductive fiber addition were made. The results obtained were evaluated. 
 
2.1. Conductive Fibers and Polyester (PES) Fibers Used 
 
Stainless steel fibers were used as conductive fibers. Stainless steel fibers were supplied from 
BEKAERTS company. Polyester (PES) was used as insulating fiber. The properties of the 
fibers used are given in table 1 and table 2 below. 
 

 

 

 

 

Thin Yarn Thick Yarn Tape PES Fibres 
 

Figure 1 Appearance of Textile Fiber Forms Used 
 
 

Table 1 Polyester (PES) 
Fiber Fineness (denier) 3 
Staple Fiber Length (mm) 51 
Number of Folds (Curls/inch) 3.73 
Breaking Strength (gf/denier) 12-16 
Fiber Diameter (micron) 18-19 

 

Table 2 Stainless Steel Fiber Properties 
Fiber Fineness (dtex) 6.7 
Staple Fiber Length (mm) 60 
Fiber Diameter (micron) 26-27 
Fiber Composition (Ag-wt%) 12-15 

 

 
2.2. Non-Woven Fabric Surface Production 
 

 
 

Table 2 Machine Production Parameters 

 Figure 2 Sample Carding 
Machine 

Figure 3 Non-Woven 
Textile Needling Machine 

 
Table 3 Properties of Produced non-woven textile fabrics 

 
Sample Code Conductive Structure 

Pore Shape (cmxcm) 
Grammage 

(g/m2) 
Thickness (mm) 

3x3 (TAPE) 3x3 330 1.92 
5x5 (TAPE) 5x5 310 2.12 
8x8 (TAPE) 8x8 290 1.75 
10x10 (TAPE) 10x10 280 1.82 
3x3 (THICK-YARN) 3x3 346 2.21 
5x5 (THICK-YARN) 5x5 308 1.95 
8x8 (THICK-YARN) 8x8 280 2.15 
10x10 (THICK-YARN) 10x10 270 2.05 
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3x3 (THIN-YARN) 3x3 275 1.95 
5x5 (THIN-YARN) 5x5 260 2.21 
8x8 (THIN-YARN) 8x8 245 2.12 
10x10 (THIN-YARN) 10x10 230 1.95 

 

 
 

Figure 4 Structural Views of the Distribution of Conductive Surfaces on Produced Non-Woven Textile Surfaces 
 

 
 

Figure 5 Electromagnetic 
Shielding Effectiveness 
Measurement Test Device 

Figure 6 Conductivity Measurement Device with Four Point Technique 

                                              
3. RESULTS 
 
Comparisons regarding the effects of porosity density, one of the important fabric parameters 
of the produced textile structures, on the electromagnetic wave shielding effectiveness and the 
effects on the absorption-reflection amounts that form the shielding are given in graphs. 
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Figure 7 Effects of Conductive (Form) Porous Structure Size on Electrical Conductivity and Electromagnetic Shielding Effectiveness 
(EMSE) 

 
 

    

    

 
Figure 8 Electrical Conductivity of Conductive Structure Form in Porous Structure Dimension 
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4. CONCLUSIONS  
 
According to the results obtained, textile surfaces were produced by using conductive fibers and 
conductors with different pore sizes and different form properties. An evaluation was made by 
comparing the results obtained. In the evaluation made without taking into account the differences in 
pore size and conductive form; Conductive textile structures The amount of electromagnetic shielding 
effectiveness increases with increasing frequency in the 15-3000 MHz frequency range. When 3x3 pore 
size conductive fiber form is used in tape form; It shows higher electromagnetic shielding efficiency 
than other structure forms in the frequency range of 15-3000 MHz. When 3x3 pore size conductive fiber 
form is used in tape form; In the frequency range of 15-3000 MHz, the average is around 25 dB, which 
means a shielding percentage of 99.99%. The reason for such a result is; The amount of conductive 
material per unit area is high. An increase in the surface resistance of textile surfaces indicates that their 
conductivity decreases, and conversely, a decrease in surface resistance indicates an increase in their 
conductivity. The results obtained from the measurements show that as the porosity size increases, the 
surface resistance increases and accordingly the conductivity decreases. As a result of the measurements, 
the textile surfaces with porosity of conductive fibers in the form of 3x3 bands show the lowest surface 
resistance and therefore the highest conductivity. As a result of the measurements, the textile surfaces 
with porosity of conductive fibers in the form of 10x10 bands show the highest surface resistance and 
therefore the lowest conductivity. The reason for such a result is; It is the change in the amount of 
conductive material per unit area and the isolation of the conductive layer by the insulating layer. 
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ABSTRACT 
 
Reducing the harm of chemicals to the environment and efficient use of natural resources various researches and 
studies have been carried out to reduce the water used in conventional warp dyeing processes. For this purpose, a 
machine design that will make a difference in denim warp dyeing has been made. Except for dye groups such as 
indigo, sulphur, reactive and indanthrene used in warp dyeing, dyeing is planned with pigment dyestuffs not used 
in warp dyeing. 
It is not possible to complete the dyeing process without using water in standard warp dyeing processes. After 
dyeing, water contaminated with chemicals accumulates as waste. In order to perform warp dyeing without using 
water with the newly proposed dyeing process, modification processes have been carried out in the existing 
processes. 
 
Keywords: Colour denim, ecological dyeing 
 
 
1.INTRODUCTION 
 
Natural indigo dye is obtained from the plant called Indigofera. It was used in India about 5000 
years ago. Synthesis of indigo by synthetic means was carried out by Adolf von Bayer in 1850. 
Synthetic (leuco) indigo is used today. 
 
Since indigo dye has no affinity for cellulose fiber, it is made soluble in water (reduced) with 
caustic (NaOH: Sodium hydroxide) and Hydrosulfite (reducing aid) in alkaline medium and 
bonded to cotton with physical bonds. 
 
Dyeing is done in rope form or in warp form (Slasher). In these dyeing methods, different 
methods are used to obtain different tones. 
 
Pure Indigo: It is the dyeing made by using only indigo as a dyestuff. Suitable for all kinds of 
industrial washing. 
 
Sulphur Bottom: There is a pre-treatment vessel before the indigo vessels in dyeing. Color and 
appearance differences can be obtained by applying pre-treatments such as mercerizing process 
and sulphur bottom in this box. In the pre-treatment of sulfur bottom colors, a preliminary 
coloring is made with sulfur-based paint. In sulfur bottom colors, there is indigo on the upper 
part of the yarn and sulfur dye on the inside. As the colour wash down, the indigo disappears 
and the sulphur dye emerges from below. 
 
Sulphur Top: It is a type of dyeing that is mercerized at different concentrations in the pre-
treatment, indigo is applied in different bases and amounts, and sulphur dyeing is applied on 
the indigo in the desired colors. The product turns into a darker indigo depending on the upper 
sulphur, and as the sulphur on it moves away, it turns into a clean indigo during the washing 
process. 
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Sandwich Dyeing: It is a type of dyeing in which a single bottom sulfur dye is applied in the 
desired colors in the pre-treatment and after indigo is applied in different bases and weights, 
sulfur dyeing is applied on the indigo as the requested shade. Since its dyeing consists of 3 
steps, it provides a wide variety of color wash downs. 
 
The completion of the dyeing process without using water in standard warp dyeing processes 
and the absence of waste water after dyeing has led to the search for innovative and ecological 
solutions. For this reason, investigation of dyes and chemicals that can replace chemicals that 
are toxic and create a waste water load in the textile industry, it is aimed to research the machine 
design and dye group that will make a difference in denim warp dyeing, to create more 
environmentally friendly new products, and to create a new, colourful warp dyeing process for 
the denim world. 
 
The dyeing process developed for water consumption in the enterprise is carried out together 
with sizing. Rope dyeing and slasher (open width) dyeing processes are carried out 
conventionally in warp dyeing of denim fabric production. In this study, the new dyeing method 
was compared with rope dyeing and slasher dyeing in terms of water consumption. 
 
2. MATERIAL AND METHOD 
2.1. Material 
 
One of the existing machines, which is not a warp dyeing machine, has been modified and 
turned into a warp dyeing machine. Studies have been carried out on the behavior and 
reproducibility of the dye group, which is not used in warp dyeing in conventional dyeing, in 
single, double-triple combinations.100% cotton open end yarn was used in the scope of the 
study. Test values of fiber and yarn are given in the tables (table 1. and table 2.) below. 
 

Table 1. HVI values of 100% cotton fiber used in the study 
 

HVI Test Parameters 
 

Average 
Values 

SCI (Spinning Consistency Index) 129,67 
Mic (Mikroner) 4,49 
Mat (Maturity) 0,87 
Len (Length) (mm) 29,26 
Unf (Uniformity) (%) 82,28 
SFI (Short Fiber Index-fiber content shorter than 12,7 mm) (%) 7,45 
Str (Strength) (cN/tex) 32,2 
Elg (Elongation) (%) 6,56 
Moist (Moisture) (%) 7,3 
Rd (Reflectance Degree) 68,54 
+b (Yellowness Degree) 9,06 
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2.2. Metod 
2.2.1.Rope Dyeing Process 
 
In the conventionally applied rope dyeing process, the warps that come in the form of rope go 
through rope opening and sizing processes after indigo dyeing. 
 

 
 

Figure 1. Rope dyeing machine 
 
 
The first four tubs (1-4) shown in the figure are pre-treatment (pre-wash) vats with a capacity 
of 1500 litres, the next eight boats (5-12) are indigo dyeing vats with a capacity of 4000 litre, 
and the four at the rear (13-16) are 1500 litres. Capacity after treatment (backwash) troughs. 
Machine and yarn parameters for dyeing are given below. 
 

Table 3. Rope dyeing process 
 

  Rope Dyeing 

Tub No Tub function 
Solution/Water 
Volume (L) 

1 

Prewash 
tubs 

Mercerized 1500 
2 Wash 1500 
3 Wash 1500 
4 Wash 1500 
5 Wash 4000 
6 

Indigo 
dyeing 

tubs 

Indigo dyeing  4000 
7 Indigo dyeing  4000 
8 Indigo dyeing  4000 
9 Indigo dyeing  4000 
10 Indigo dyeing  4000 
11 

Rear 
wash 
tubs 

Wash 4000 
12 Wash 4000 
13 Wash 1500 
14 Wash 1500 
15 Wash 1500 
16 Wash 1500 
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As can be seen from the table, mercerization process was applied in the tub no 1. 5 g/l wetting 
agent and 4 Be caustic (50% NaOH) were used for the mercerization process.In rope dyeing, 
the washing process was carried out in the 2, 3, 4 and 5 numbered prewash tubs, while the 
dyeing process was carried out between the 6th and 10th tubs.In the rope dyeing process, 
backwashing was carried out on the last six tubs (boats 11-16).In rope dyeing, 250 liters of 
water per minute was fed to the front and rear washing trays. 
 
2.2.2 Slasher (open width) Dyeing Process 
 
Warp in the slasher dyeing process, which is conventionally applied in the enterprise 
The warps coming from the beams are in open width form, first indigo dyeing and then sizing. 
 

 
 

Figure 2. Slasher (open width) dyeing machine 
 

The first tub shown in the figure is mercerizing, the next three tubs are (2-4) wash tubs, the next 
six tubs (5-10) are indigo dyeing tubs, and six tubs at the back (11-16) are washing tubs. In the 
last two tubs (17-18), sizing is done. 

 
Table 4. Slasher dyeing process 

 
  Slasher Dyeing 

Tub No Tub function 
Solution/Water 
Volume (L) 

1 
Prewash 

tubs 

Mercerized 500 
2 Wash 1500 
3 Wash 1500 
4 Wash 1000 
5 

Indigo 
dyeing 

tubs 

Indigo dyeing  1000 
6 Indigo dyeing  1000 
7 Indigo dyeing  1000 
8 Indigo dyeing  1000 
9 Indigo dyeing  1000 
10 Indigo dyeing 1000 
11 

Rear 
wash 
tubs 

Wash 1000 
12 Wash 1000 
13 Wash 1500 
14 Wash 1200 
15 Wash 1200 
16 Wash 1200 
17 Sizing 

tubs 
Sizing 400 

18 Sizing 400 
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2.2.3 Sizing Warp Dyeing Process 
 
Sizing warp dyeing developed to reduce water consumption in the enterprise. 
 
The pigment dyestuff used in the process is transferred to the sizing solution taken in a separate 
boiler after cooking. 
 
The total amount of solution in this boiler is 400 liters and this amount is sizing. Schematic of 
the sizing machine with the machine and yarn parameters of this process is given below. As 
seen in the figure 3, the machine has 2 sizing chambers and the application is only one. 
 

Table 5. Sizing warp dyeing process information 
 

 

     Sizing Warp Dyeing 

Warp wire count (pcs) 3744 

Warp length (m) 500 

 Warp  (Ne) 8,25 

Machine speed (m/min) 25 

Staining concentration (%) 1,50 

 
 

Figure 3. Modıfıed machine 
 

 
3. RESULTS AND DISCISSION 
3.1.Rope Dyeing Process Water Consumption 
 
Water consumption in rope dyeing is given below. The amount of water spent for dyeing and 
then sizing 20,000 meters of warp in a rope dyeing machine was calculated as 551.56 tons. 
 
*Calculated at 20 m/min working speed for 20,000 meters of warp yarn. Since 20 meters of 
warp yarn is dyed per minute, 1000 minutes will be processed for 20,000 meters of warp, and 
therefore, water will be fed to the front and rear washing troughs for 800 minutes. Since the 
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water feed rate is 500 lt/min (total of front and rear boats), 500 tons of water will be fed to the 
boats in 800 minutes. 
 
**8000 lt sizing solution was used for sizing 20,000 meters of warp yarn. Since 94.5% of the 
solution is water according to the sizing recipe, the amount of water consumed for this process 
was calculated as 7.56 tons. Calculated at a working speed of 20 m/min. 

 
Table 6. Rope dyeing process water consumption 

 

Water Consumption Rope dyeing 

Amount of water fed to indigo tubs 
at first filling (tonnes) 

20 
(Capacities of tubs 7-12) 

The amount of water fed to the 
wash tubs at the first filling 
(tonnes) 

24 
(tubs 1-5 and 11-16 capacities) 

Amount of water fed to wash tubs 
during dyeing (tonnes) 

500* 

Amount of water consumed in 
sizing 

7,56** 

 
Total (tonnes) 

551,56 

 
3.2. Slasher Dyeing Process Water Consumption 
 
The slasher of the 20,000 meters warp the amount of water consumed in the dyeing and sizing 
process in the machine is 157.8 tons. 
 

 Table 7. Slasher dyeing process water consumption 
 

Water Consumption Slasher Dyeing 

Amount of water fed to indigo 
tubs at first filling (tonnes) 

6 
(Capacities of tubs 5-10) 

The amount of water fed to the 
wash tubs at the first filling (tons) 

12,1 
(tubs 1-4 and 11-16 capacities) 

Amount of water fed to wash tubs 
during dyeing (tons) 

133* 

Amount of water consumed in 
sizing 

6,7** 

 
Total (tonnes) 

157,8 

 
*Calculated at 20 m/min working speed for 20,000 meters of warp yarn. 20 meters of warp yarn 
per minute since it is dyed, 1000 minutes will be processed for 20.000 meters of warp and 
therefore 1000 minutes of front and back washing. Water will be supplied to the boats. Since 
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the water feed rate is 8 tons/hour (to the front and rear boats total) 133 tons of water will be 
supplied to the boats in 1000 minutes. 
 
**7050 lt of solution was used for sizing 20,000 meters of warp yarn. % of solution according 
to sizing recipe since 94.5 of it is water, the amount of water consumed for this process was 
calculated as 6.7 tons. for 20 m/min operating speed calculated. 
 
3.3. Sizing Warp Dyeing Process Water Consumption 
 
After sizing 500 meters of warp, the amount of solution remaining in the sizing vessel is 240 
liters and it has been observed that 160 liters of solution are used for this process. According to 
the recipe used; of the solution since 78.4% is water, 125 liters of 160 liters of solution is 
calculated as the amount of water consumed in this dyeing process, and the amount of water 
consumed for dyeing and sizing 500 meters of warp in the same solution at the same time is 
125 liters. Accordingly, the amount of water spent for dyeing and sizing 20,000 meters of warp 
will be 5000 liters. 
 
4. CONCLUSIONS 
 
There was no significant difference between the fastness (washing, water, sweat and rubbing) 
test results of denim fabrics in which yarns dyed with warp dyeing and rope/slasher dyeing 
processes are used in the warp. 
 
When the recipes are examined, caustic is not used in the water-saving dyeing process, unlike 
the rope dyeing, and this is considered as a positive approach in terms of environmental 
pollution. 
 
In the warp dyeing process, it is about approx. It has been determined that 99.1% of water 
saving is achieved. 
 
In the rope dyeing process, a total of 544 tons of water, of which 500 tons is fed to the front and 
rear washing tubs during the process, and 44 tons of water is fed to the washing tubs and indigo 
tubs at the first filling, is given to the environment as waste after the water dyeing process. 
Considering that the remaining 240 liters of solution in the sizing dyeing process is waste, it is 
thought that 0.2 tons of water can be considered as waste since the amount of water in the 
solution is 78.4%. Thus, it was determined that the amount of waste water decreased by 
approximately 99.8% with the size dyeing process. However, as in conventional sizing, the 
remaining sizing solution can be recovered and reused in the enterprise. 
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LOW TEMPERATURE BLEACHING OF COTTON FIBER BY NOVEL 
CATALYST 
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1 Ak-Kim Kimya, Taşköprü, Çiftlikköy, Yalova, 77602, TURKEY 
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ABSTRACT 
 
Peroxide bleaching is commonly carried at high temperature (normally ∼98 °C) and high pH, which causes 
significant fiber loss and therefor poor strength properties2. There is some catalyst which has been developed for 
mild bleaching of cotton by controlling H2O2 decomposition speed such as; Copper (Cu), Ferrum (Fe) and 
Titanium (Ti). In this work, we designed a bleaching method at low temperature (∼80 °C) stain removing by using 
special catalyst which can activate and control H2O2 decomposition under alkaline conditions for improving 
traditional bleaching method. 
 
Key Words: Bleaching, Cotton, Peroxide, Catalyst, Sustainability 
 
 
1. INTRODUCTION 
 
Cotton has been grown for fiber, food and even fuel for over 6.000 years. The cotton is one of 
the most important fiber and play dominant role in textile industry. It is a natural fiber, grown 
from the earth and spun into a soft yarn. The cotton fabrics are favoured among natural cellulose 
fabrics because of their comfort, breathability, and softness [1]. 
 
The cotton that has been harvested from the plants will have seeds embedded inside it, pectin, 
ash, organic acid, wax, sugars and others which need to be mechanically and chemically cleaned 
before further processes. From field to fabric, the process of making cotton transforms the raw 
fibers into threads, yarn and fabric in three steps: Purification, Spinning, and Weaving.  
 
One of the chemical purification steps of the cotton is bleaching. Main goals of the bleaching 
process are to obtain a white, ultimately cleaned substrate in the shortest time (highest 
productivity) possible with minimum fiber damage. 
 
The most widely used bleaching agent is hydrogen peroxide (H2O2). This agent uses a form of 
oxygen as the oxidizing agent in the process. Decoloration can occur by breaking up the 
chromophore groups, most likely destroying one or more double bonds within the conjugated 
system. H2O2 is easily decomposed (Figure 1) due to its instability and the catalytic effects from 
metal ions present in bleaching solution, which leads to increase in running cost and damaging 
the cotton fiber. To improve the bleaching efficiency, many catalysts and methods have been 
developed to control of the H2O2 decomposition. 
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 Without Bleaching Stabilizer With Bleaching Stabilizer 

 

 

 
 

İnhibit Radical Generation 

 
Figure 1. H2O2 radical generation and inhibition. 

 
In this work, we designed a bleaching method at low temperature (∼80 °C) stain removing by 
using special catalyst (Figure 2) which can activate and control H2O2 decomposition under 
alkaline conditions for improving traditional bleaching method. Key advantage of the 
developed product novel bleaching process is energy cost saving due to lower bleaching 
temperature, 50% shorter bleaching cycle by improving production capacity, milder processing 
conditions such as higher cotton yields, softer feeling cotton, less creasing in final fabric. 

 
Figure 2: Structure of Special Catalyst. 

 
2. EXPERIMENTAL 

 
In this work, we applied two different solution recipes with and without developed product 
included at different temperatures as summarized in Table 1. 
 
3. RESULTS AND DISCUSSION 
 
In the same bleaching application duration, whiteness index (berger) value of the cotton sample 
reached higher values in the presence of activator. While we were comparing different 
temperature, we can reach the optimum accepted whiteness result at 80°C. Even though 98 °C 
gives higher whiteness in cotton fabric, application temperature is too high for the sustainability 
aspects. 
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Table 1. Bleaching of Cotton Fabric with and without Catalyst 
 

Application 
Temperature 

(oC) and Time 
(min) 

 70°C- 45 min. 80°C- 45 min. 

 

98°C- 45 min 

Sample Name  RECIPE-1 RECIPE-2 RECIPE-1 RECIPE-2 RECIPE-1 RECIPE-2 

Mn Based 
Bleaching 

g/L 1 - 1 - 1 - 

Traditional 
Bleaching 

g/L - 1 - 1 - 1 

 
Capillarity 

min 
/sec 

>5 min >5 min 15sec.82 sl. 
14sec.44 sl. 

>5 min 5 sec. 88 
sl. 

5 sec. 35 
sl. 

5 sec. 92 
sl. 

5 sec. 65 
sl. 

Berger Value 67,80 61,19 71,73 67,12 76,05 74,08 

 
 

Figure 3. The whiteness comparision of knitted cotton fabric at different solution and application temperatures. 
 
 

4. CONCLUSIONS 
 
Concern over the environmental impact from the industrial processing of cotton and its blends 
has increased in recent years. Bleaching of cellulosic materials is commonly performed at the 
boiling point. 
 
To reduce the ecological footprint of the bleaching process, we developed special catalyst based 
product, a bleaching booster that works as low as 80°C in discontinuous processes on natural 
fibers and their blends. It drastically reduces energy consumption during the process and 
delivers an exceptional degree of whiteness and absorbency without strength loss. 
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