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INVITATION LETTER

Dear Colleagues,

It is with greatpleasure that | invite you to participate in &rel International Textile and Fashion
Congress (ITFC 2026) which will be hosted bystanbul Technical University onApril 281 29,

2026 in the vibrant city of Istanbul.

This prestigious event will take plaaethe Faculty of Textile Technologies and Design, located

i n Beyojlu, the cultural heart of I stanbul .
professionals in the fields of textile and fashion to share their insights and latest developments.
With a central focus on innovation, sustainability, and digital transformation in textile and fashion,
ITFC 2026 will provide a dynamic platform for networking and collaboration with globally
recognized researchers, designers, and industry leaders.

We lookforward to welcoming you to Istanbul on April 28, 2026.

Prof . Dr . Nevin ¢ijdem G¢grsoy

Congress Chair



INTERNATIONAL

International Textile & Fashion Congress i
7

filnnovate, Integrate] nspire: The Future of Textil esct ITFc
28-29 April 2026, Istanbul, Turkey 2026 |

OISV ¥ &

z
nnnnnnnn

COMMITTIES
Organization Committee
Prof . Dr. Nevin ¢ijdem G} RSOY
Dean

Assoc. Prof. Dr. Umut Kévan- KAHK
Vice Dean

Prof. Dr. Ozgir ATALAY
Vice Dean

Assoc. Prof. Dr. Pelin ALTAY
Vice Head of Department

Assoc. Prof. Dr. Kpek YALC¢CI N ENKK
Assoc. Prof . Dr . Hande SEZGKN
Res. Assi s. Dr . Kl kay ¥zsev Y| KSE
Res. Assis. Dr . Mel tem TEKGCKN
Res. Assis. Dr. Handan PALAK

Res. Assis. Elcin EMEKDAR KARAMAN

Res. Assis. Ksmet Ege KALKAN



INTERNATIONAL

International Textile & Fashion Congress

filnnovate, Integrate] nspire: The Future of Textil esct ITFC

28-29 April 2026, Istanbul, Turkey 2

D26

NOIHSVS ¥ FWLXRL

Scientific Committee

Prof. Dr. Saber Ben Abdessalem, University of Monastir, TUNISIA
Prof. Dr. Dominique C. Adolphe, Ecole Nationale Superieure d'IngenieuABade (ENSISA), FRANCE
Prof. Dr. Tujba Ahpyetsiezy, DOKREKEEI ul U
Prof. Dr. ¥zg¢r Atalay, Kstanbul Technica
Prof. Dr. Mirela Blaga, Gheorghe Asachi Technical University of lasi, ROMANIA
Prof . Dr . Ender Yazgan Bul gun, Kzmir Ekono
Prof. Dr. Omar Cherkaoui, ESITHEcole Supérieure des Industries du Textile et de I'Habillement, MOROCCO
Prof. Dr. Sean Cormier, Fashion Institute of Technology (FIT), USA
Prof. Dr. Andrej Demsar, University of Ljubljana, SLOVENIA
Prof. Dr. | mir Halis Er {BKKNE Dokuz Eyl ul
Prof . Dr . S. Hani fe Erye¢r ¢k, Kstanbul Tech
Prof. Dr. Ada Ferri, Politecnico di Toririol TALY
Prof. Dr. Ali Akbar Gharehaghaji, Amirkabir University of Technology, IRAN

Prof. DrAl per G¢rarsl an, Kyt anmi RIKKIY&Eec hni cal Ur

Prof. Dr. Muhammad Dawood Husain, NED University of Engineering & Technology, Pakistan

Prof . Dr . Esra Karaca, Bursa Ul udaj Uni \
Prof . Dr . Hal e Kar akak, Kstanbul Techni ca
Prof . Dr . Di | ek Kusti,t yBurTs aR KWK YuEd a j Uni ve

Prof. Dr. Yordan Kyosev, Technische Universitat Dresden, GERMANY
Prof. Dr. Lieva Van Langenhove, Ghent University, BELGIUM
Prof . Dr. Arzu Mar mar al &, Ege Univer si
Prof. Dr. Vincent Nierstrasz, University of Boras, SWEDEN
Prof Dr. Su Ku, Fashion Institue of Technology, USA

Prof . Dr. Sunay ¥merojlu, Bursa Uludaj Ur

10



INTERNATIONAL

International Textile & Fashion Congress

filnnovate, Integrate] nspire: The Future of Textil esct ITFc
»:,

28-29 April 2026, Istanbul, Turkey

NOIHSVS ¥ FWLXRL

Prof. Dr. Roshan Paul, RWTH Aachen University, GERMANY
Prof. Dr. Prasad Potluri, University of Manchester, UNITED KINGDOM
Prof. Dr. Behnam PourdeyhiniNorth Carolina State, USA
Prof. Dr. Georgious Priniotakis, University of West Attica, GREECE
Prof. Dr. AbdelFattah Seyam , NC State University, USA
Prof . Dr. Z¢mr ¢t Bahadér | nal, Ege Uni ve
Prof. Dr. Savvas Vassiliadis, University of Wegtiéa, GREECE
Assoc. Prof. Dr. Imran Islam, Fashion Institue of Technology, USA
Assoc. Prof. Dr. Rajkishore Nayak, RMIT University, VIETNAM
Dr. Anura Fernando, University of Manchester, UNITED KINGDOM

This list is arranged by academic rank and, within @ank, in alphabetical order by surname.

11



INTERNATIONAL

International Textile & Fashion Congress
filnnovate, Integrate] nspi re: The Future of Textil esct IT

28-29 April 2026, Istanbul, Turkey

conanmress

SCIENTIFIC PROGRAMME

2ND INTERNATIONAL TEXTILE AND FASHION CONGRESS (ITFC 2026)

ISTANBUL TECHNICAL UNIVERSITY
APRIL 28129, 2026

28 APRIL 2026, TUESDAY

08:30-09:30 REGISTRATION & WELCOME COFFEE

09:30-10:00 TURKISH MUSIC RECITAL

OPENING SPEECHES (HALL A)

LuOUEOD PRESENTATION OF PLAQUES TO SPONSORS

KEYNOTE SPEAKERS

KEYNOTE 1 - PROF. DR. VINCENT NIERSTRASZ

i NOVEL SUSTAINABLE ROUTES TO FUNCTIONAL AND SMART TEXTILES

KEYNOTE 2 - PROF. DR. GEORGIOS PRINIOTAKIS
11:30-12:00 SYSTEMIC BIOMIMICRY AND HUMAN -CENTRIC RESILIENCE: ORCHESTRATING INDUSTRY 5.0 THROUGH SMART WEARABLES AND
DYNAMIC ERGONOMICS

LUNCH

RN At Exhibition*

SESSION 1
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SHAPING THE FUTURE OF DENIM: SCALABLE INTEGRATION INTO TEXTILE
DES%%TSS?:E;'T'ON INNOVATION, RESPONSIBILITY AND COLLECTIONS
13151330 QELENEATA PERFORMANCE SI LEYMAN KPEK
EASHION DESIONED | MENTOR AT ERAY KARADUMAN PALMKYE TEKSTKL
e TEx oAt Eam CALI K DENKM REGIONAL SALES&MARKETING MANAGER,
iy GENERAL MANAGER RESEARCH&DEVELOPMENT MANAGER, SUSTAINABL|
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5875
INNOVATIVE APPROACHES TO . 5314
O COS MDES N | | MPROVKNG THE COMFORT MORPHOLOGICAL AND CHEMICAL
13:3013:45 o e e OF DENKM GARMENTS WK CHARACTERIZATION OF PACLITAXEL-LOADED
TECINOLOGIES. 30 PRINTING, BASED SOFTENERS ELECTROSPUN PCL SCAFFOLDS
AND BT A AT ONURBALCI,EBRU ¢ ALI kKAN, SUZAN_ ¥ 7 D BAWRE OZTEMURS E Z GK N
KBKKk, ESRA TABAk A HANDE SEZGKN , -KWEK YA

PARINAZ MEHRI KAHNAMOUEI _,
AYBEN PAKOLPAKCIL
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A COLLECTION DEVELOPED FROM UPCYCLED WASTE FISH SCALES,
DESIGNED TO PROVIDE SUPPORT DURING THE MENOPAUSAL PERIOD

Gizem Ezef’, Fisun Tayan Aras

Penti Giyim Tic Ak, Turkey
Penti Gi yTurkey Ti ¢ AK

“fusun.tayan@penti.com.tr

ABSTRACT

According to the World Health Organization (WHQO), menopause is defined as a natural biological {hatcess
typically occurs in women in their 40s and 50s and is characterized by the permanent cessation of menstruation fo
12 consecutive months as a result of the loss of ovarian function. Globally, the age of menopause ranges betwee
45 and 55. Due to incasing life expectancy, the menopausal period now constitutes a significant portion of
womenébés | ives, increasing the demand for products f
this stageDuring menopause, women experience varjghugsiological and psychological symptoms such as hot
flashes, night sweats, sleep disturbances, anxiety, depression, musculoskeletal pain, and skin dryness. Among thes
hot flashes are the most common symptom, affecting approximate80®0of women. Hoflashes and night
sweats, in particular, reduce sleep quality and negatively impact daily life comtimtstudy was conducted to
develop a textildased, londasting solution for hot flashes and night sweats experienced by menopausal women.
Within the scope of the project, focus group studies carried out in collaboration with an international research
company revealed that menopausal women have a strong need for breathable, comfortable garments with a coolin
effect, particularly in loungewear products a result of literature and patent research, Umorfil® Bionic Fiber
technology developed in the Taiwanese textile industry and derived from upcycled fishdseaesncorporated

into the projectUmorfil® Bionic Fiber is an innovative textile technolothyat achieves its functional properties

not through a surface finishing application, but through collagen peptides integrated directly into the fiber structure.
This enables high air and oxygen permeability, effective moisture management, a coolingrsearsfunctional
properties that support skin elasticity, which are
embedded functional properties prevent performance loss after washing and use, thereby helping to alleviate
menopausal syptoms.Furthermore, the production of Umorfil® technology through the upcycling of waste fish
scales contributes to the reduction of environmental pollution by valorizing food waste and supports the principles
of the circular economy. As a result of thkudy, an innovative, functional, and sustainable collection of
menopausalriendly loungewear products was developed.

Keywords: Fish Scale Collagerfunctional Fabric Menopausg Sustainable TextilesUmorfil® Bionic Fiber

1. INTRODUCTION

Menopause, defined by th&/orld Health Organizatioras the permanent cessation of menstruation for 12
consecutive months due to the loss of ovarian activity, is a natural biological process that typically occurs in women
in their 40s and 50s. The term meaase is derived from the Greek wordens(month) andpause(cessation).

The onset age of menopause, which is not related to the age at menarche (the first menstrual period), is largel
associated with genetic and environmental factors. The averageragaagause is betweeni&s worldwide and

46i 48 in Turkiye. According to the classification by the World Health Organization, menopause is divided into
three stages: perimenopause, menopause, and postmenopause.

Some of the symptoms experienced during maose include hot flashes, night sweats, headaches (including
migraines), dizziness, palpitations, nausea, paresthesia, anxiety, sleep disturbances, memory problems, an
depression. The most commonly reported symptoms among women are hot flashestyrrdtatifnusculoskeletal
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pain. Hot flashes most frequently begin during the perimenopausal period (Source: IGUSABDER, 23 (2024): 993
1003).

Hot flashes are observed in approximately & of women. They may occur in the facial region or spread
throughout e body, with duration varying from person to person. Another common issue during menopause is
night sweating. This condition, caused by hormonal changes, may lead to sleep interruptions due to excessive
perspiration during the night. To cope with hot flas, women often prefer breathable, cotbased comfortable
clothing. Patent research conducted worldwide has identified textiles designed for memejaaeddot flashes,
including fabrics that facilitate heat transfer, provide heating and coolingtsfind absorb body fluids/sweat

[1].[2].

An analysis of textile apparel products suitable for menopausal women in the industry reveals that there is a lack of
products specifically designed to address hot flashes and night sweats, which are amorgtmemmms concerns.
Therefore, it has been decided to develop a product group for homewear aimed at reducing hot flashes and nigf
sweats. Fabric research has identified Umorfil® technology, which offers high oxygen permeability, breathability,
and a coolig effect, while also being environmentally sustainable through upcycling. The main objective of this
projectis to transfer Umorfil® technology into homewear and underwear products in alignment with current fashion
trends.

Research into highly breathablachoxygemp e r meabl e fabrics has |l ed to th
Technol ogy, 06 developed in Taiwan wusing fishumerast e.
meaning fAmoisturedlmermdiinige NF &rc h denirrambveear] underaeary s e d
home textiles, padding, and footwear uppers. It consists of peptide amino acids, specifically collagen, obtained from
fish scales. Another important feature of Umorfil® is that it is produced from recycled food waste, thereby
contributing to the reduction of environmental pollution and supporting the circular economy [3].

According to data from th&ood and Agriculture Organizatipmhe volume of fisheries production has been
increasing annually, reaching a total of I80lion tons by 2020, of which 87 million tons come from capture
fisheries. A significant amount of food waste is generated from fish products, and if buried in soil, it may lead to
severe soil acidification, while incineration may contribute to air gohutThrough the use of Umorfil® bionic

fibers, which possess numerous natural properties, fish scales and extracted amino acids can be upcycled, therel
reducing global food waste and environmental pollution.

2. EXPERIMENTAL STUDY

Within the scope of the pject, a focus group study was initially conducted in collaboration with an international
research firm in order to accurately identify and address the needs of women during the menopausal period. The
study involved a group of women agedi 85, including loth premenopausal and menopausal participants,
accompanied by one psychologist and one gynecologist.
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Figure 1. Umorfil Technology

During these sessions, the physical and emotional effects of menopause on women were examined, and th
subjectiveexperiences associated with this period were evaluated. The symptoms encountered during menopaus
and their impacts on daily life were analyzed in detail. In addition, participants were asked to express their
expectations and needs in order to alleviagsehsymptoms and to manage this phase more comfortably.

The findings indicated that women most frequently complained of hot flashes and night sweats during this period.
Based on the interviews and identified needs, it was revealed that women demandsganchemiderwear made

from fabrics that prevent excessive sweating, provide a cooling effect, allow the skin to breathe, and enhance overal
comfort [4].

The raw material is upcycled from the food waste
- aquaculture fish scale -

Needs Needs
400-500 g 400-5009

fish scale fish scale

Figure 2. Aquaculture Fish Scale

An evaluation of existing products in the sector showedlaof menopausspecific clothing that adequately meets
these expectations and needs. In response, a menapsearged collection consisting of homewear and underwear
was developed using Umorfil® technology to address these demands.

All products withinthe collection are manufactured using Umorfil® technology. Due to its collagen content, the
material helps retain moisture, supports skin elasticity, and enables the skin to breathe comfortably [5]. The presenc
of collagen has been validated through testelucted by Umorfil®. These cooling and comfenhancing fabrics

are intended to reduce the effects experienced dur
ability to regulate skin moisture balance is expected to help prevent skirssl§ine
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Table 1. Symptom ofMenopause od/omen

Symptom Symptom Description

Category

Vasomotor Hot flashes Sudden feelings of heat, especially in the face and uy

body

Vasomotor Night sweats Excessive sweating during sleep, often disrupting re

Psychological Mood Sudden changes in emotional state, irritability
swings
Psychological Depression Persistent sadness and loss of interest
Psychological Anxiety Feelings of worry, nervousness, or unease
3. RESULTS

In conclusion, thenenopause collection developed within this project successfully addresses the physiological and
psychological needs of women during the menopausal period. The integration of innovative textile technologies,
particularly Umorfil®-Modal fiber, has enableddldesign of breathable, cooling, and moistugnaging garments

that effectively respond to common symptoms such as hot flashes and night sweats. The collection, consisting o
sleepwear and lingerie products, provides enhanced comforfrigkidly propeties, and functional performance.
Additionally, the use of upcycled materials contributes to environmental sustainability, aligning the project with
contemporary ecological concerns. Beyond its functional benefits, the collection also reflects cuimantréasis

through carefully designed colors, patterns, and fits tailored to user expectations. As a result, this project not only
offers a practical solution for menopausal women but also represents an innovative and pioneering approach withir
the textileindustry, with the potential to inspire future research and product development in merHopeassd

apparel.

4. CONCLUSION

This study was initiated to address the specific needs of women during the menopausal period. The collection
developed withinthespoe of t he project is planned to be commer
the initial phase, a focus group study was conducted to identify user expectations, followed by an extensive review
of the literature and patent landscape to deteromimeet needs and potential solution areas.

The findings revealed an innovative R&D approach in the Taiwanese textile industry involving a bionic fiber
derived from the upcycling of fish waste. Through collaborative efforts, a menepaested collectiorronsisting

of homewear and underwear products was developed by integrating Upcycled Umorfil® Bionic Fiber technology.
The collection comprises bra models, panty options, undershirt designs, and homewear. The primary material
utilized in the project is Um&® -Modal fiber. This fiber is characterized by high air permeability and a cooling
effect, contributing to reduced perspiration. Accordingly, the developed products aim to alleviate common
menopausal symptoms such as hot flashes andsvigdatts, whichféect approximately 6080% of women.

The project integrates technological innovation with fasttidented design principles. In addition to the functional
properties of the fabric, design elements such as color, pattern, and garment construction hasectugign
developed to align with the physiological and psychological needs of menopausal women.

In terms of its scope and application, this study represents a pioneering initiative within the Turkish textile industry.
Furthermore, it holds significant femtial for knowledge generation and transtieereby establishing a foundation

for future research and product development efforts targeting menegdaisel textile solutions
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A FUNCTIONAL PILLOW DESIGN AND PRODUCT INNOVATION WITH A
PROTECTIVE EFFECT AGAINST ELECTROMAGNETIC POLLUTION

Hacer C¢EEaEBMI SI RLI OMHatide ALTUN', B¢, kra AYYI LDI*Z SOYLAK

IDOQU EV TEKSTKLK SANAYK ve TKCARET A. k.

ABSTRACT

With the increasing use of electronic devices in daily life, electromagnetic pollution has become a significant
environmental risk factorot which individuals are particularly exposed during sleep. Theihtewnsity yet
continuous effects of electromagnetic fields may adversely affect physiological regeneration processes and sleej
guality. This study addresses the design and product innoyaticess of a functional pillow developed to provide

a protective solution to this problem. The proposed design is based on the integration of a Biocafis@rsteel
protective fabric, capable of reducing electromagnetic wave permeability by 98.5%, avitlkHDoof finished
(extrasoft hand feel effect) natural cotton fabric in a dager structure. The grawhite contrast of the dual
surface is not merely an aesthetic preference but a deliberate design strategy that enables users to intuitively percei
the functional layer differentiation. Ergonomic form optimization, material selection, user comfort, and protective
performance requirements constituted the key components of the design [adegsthe prototype development

phase, technical drawings$reedimensional digital modeling, and performance tests in compliance with the TS
2994 standard were conducted. The findings demonstrate that the product meets the targeted criteria in terms ¢
both electromagnetic protection and usage ergonomics. Tiiig gtesents an innovative approach to integrating
protective textile technologies into home textile products and contributes to-deigigted product innovation in

the context of electromagnetic pollution.

Keywords: Biocare Yarn Electromagnetic PollutionFunctional Pillow Design Protective Properties
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A FUNTI ONAL MODERN WOMENGS GARMENT DESI
NATURE INSPIRED - TRADITIONAL ANATOLIAN MOTIFS

Ni sa ¥ BamtmErdemt, M¢ ge Tuj ¥, Emin¥ Bilaralkocak?m

IMudo Gi yi m A. k. DstasbulgTukiyf€e nt er ,
2Marmara University, Textile EngineegrDepartment, Istanbul / Turkiye

* nisa.yavas@mudo.com.tr

ABSTRACT

In this study, jacquard weft knittefdbrics with different pattern geometries inspired by biomimetic natural
topographic forms were produced. Three different knitted sudatmgmgraphyinspired zigzag (A), horizontal
striped (B), and chevron zigzag @Cjvere manufactured using a 60% polye$td0% cotton blended yarn (Ne
10/1), at a gauge of 20 gg and within a fabric weight range af2280g/m2. The fabrics were evaluated in terms

of dimensional stability, bursting strength, color fastness, heat transfer, and moisture absorption according t
standard test method¥he chevron zigzag fabric (C) exhibited the highest mechanical performance, reaching
approximately 480 kPa in bursting strength and showing dimensional changeislads%.0The horizontal striped

fabric (B) showed lowestrength (~360 kPa) and higher dimensional changé34a%). The topographinspired

zigzag fabric (A) demonstrated a balanced performance with intermediate values (~4201KP@%63.h terms

of thermal and moisture properties, structure B stood d@hthigher moisture absorption (~7.5%), while structure

C provided better insulation with higher thermal resistance (~0.070 m2K/W). Color fastness results were good for
all fabrics, with structure C achieving the highest valdesa result, it wasletermined that pattern geometry
directly affects the mechanical strength, dimensional stability, and comfort properties of knitted fabrics; compact
structures increase strength, while open structures improve comfort properties. This study quanttatiais|yhe
structuré performance relationship in jacquard knitted fabric design.

Keywords: jacquard weft knitting, knitted fabric structuregmfort properties, biyomimetic design

INTRODUCTION

Increasing competition in the textile aadparel industry has increased the importance of functional performance
alongside aesthetic design. In knitted fabrics, comfort is directly related to heat transfer, air permeability, and
moisture management, which are affected by structural parametérsasdoop density, yarn typend knit
construction [1,2,10]Polyester/cotton blended knitted fabrics are preferred in functional garment studies because
they balance mechanical strength and moisture management [3,9]. Moisture absorption and wapspostseat

removal and evaporation, directly affecting clothing comfort [5,7]. In addition, porosity and loop geometry
influence heat transfer through their effect on air permeability [2s8guard weft knitted structures allow patterns

to be formed dictly within the knit construction, making pattern design both an aesthetic and structural component.
These structures affect dimensional stability, bursting strength, and surface durability [6,10]. Previous studies have
shown that structural variationgectly influence mechanical asdmfort properties [4,8]n textile surface design,
biomimicry enables the abstraction of natural topographic forms such as mountains, river paths, and fractured
surfaces into directional and repetitive patterns. Thesedfiions affect loop density, void distribution, and surface
porosity, influencing heat transfer and moisture absorption [4,7].

In this study, jacquard weft knitted surfaces inspired by natural topographic forms were evaluated in terms of
dimensional stalitly, bursting strength, color fastness, heat transfer, and moisture absorption.
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1. EXPERIMENTAL STUDY
2.1. Material

The properties of the yarns used in the production of the knitted fabthis study are given in Table 1

Table 1.Properties of Yarns

Properties Values

Fi ber Composition ( Ri n %60PES/ %40 CO
Yarn number Ne 10/1

Twist (TPI) 15

Twist Direction YA

Tensile Stenght (cN) 388

Elongation at Break (%) 13,5

2.2.Formation and Design of Knitted Surfaces

Figure 1 shows the three developed jacquard knitted surfaces with different patern gedmehiestudy, the
knitted surfaces were produced oMayer & Cie.OVJA 1.6 EE model weft knitting machine equipped with an
electronic jacquard system. The miaehused has a fineness of 20 gauge (gg), a cylinder diameter of 30 inches,
and a 48&eeder system. The machine speed was set betwé&@a @, yarn feeding tension was adjustedito 8

12 cN, and takelown speed ranged from 4.5 to 6.0 m/min. The stitchttefsgitch cam) was varied between (.28
0.34 mm depending on the fabric weight to obtain different structural characteristics.

Structure A i Topograpic Structure B 1 Horizontally Structure C i Chevron (Classic
Zigzag Jacquard fabric Stripped Jacquard Fabric Zigzag Jacquard Fabric

Figure 1. Knitted surfaces with three different pattern geometries
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The structural parameters related to different pattern geomigesg, horizontal, and vertical) and loop density
variations used in the study are given in Table 2.

Table 2.Loop and Structural Parameters by Pattern

A-  TopograpicB-  Horizontally  Stripped C- ~ Chevron

Parameters . Zigzag
Zigzag Jacquard Jacquard Jacquard
GSM (g/m?) 2305 2105 2405
Loop lenghttmm) 2.8 3.0 2.5
Course/cm 12 11 14
Wale/cm 11 10 12
Pattern  densit 35 3.0 45
(repeat/cm)
Machine spee 21 20 29
(rpm)
Yarntension(cN) 11 10 12
Takedown spee
(m/dK) 55 5.0 6.0
Stitch cam (mm)  0.32 0.34 0.30

The patterns were created using GA&sed jacquard design programs and integrated into the knitting structure
through electronic needle selection. As shown in Figure 1, three jacquard knitted surfaces were developed:
topographyinspired zigzag (Structure A), horizontal linear pattern (Structure B), and horizontally striped jacquard
pattern (Structure C). These patterns were designed through a biomimetic approach to obtain different structura
densites and surface clateristicsThe fabrics were tested according to standard methods: bursting strength (ISO

139382), dimensional stability (ISO 5077), washing fastness (ISOQ@&, rubbing fastness (ISO 1082),
thermal properties (ISO 11092), and moisture manage&itqC 195).

3. RESULTS

3.1.Dimensional Change Results of Knitted Surfaces

Table 3. Dimensional Stability Results by Pattern (Pd&ish % Change)

Parameters Z'iz] zag.;l. Teferglifelig gtripp];a d e Ci Chevron Zigzag
Course directiof®%) -3.0+0.5 -4.5+0.7 2004
Waledirection%) -20+0.4 -35+0.6 -1.5+0.3
Change of Are¢%) -5.0+0.8 -75+1.0 -3.5+0.6

As shown in Table 3, dimensional stability depended on stitch lengtbtaradural density. Structure B showed

the highest shrinkage due to its longer stitch length and lower density, while compact Structure C previded th

highest stability. Structure showed moderate stability. These results agree with the literature, sthtel that
longer stitch length reduces stability and compact structures show lower dimensional change [11].
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3.2.Bursting Strength Results of Knitted Surface

= 600
2
o 400
N ©

o
ga < 200
D
5 0
m

A Topographic Zigza® Horizontal Striped C Chevron Zigzag
Materials

Figure 2. Bursting Strength of Knitted Surfaces

Figure 2 shows that the chevron zigzag structure (C) had the highest bursting strength due to its shorter stitch lengtt
higher course/wale density, and comipl@aop organization. In contrast, the more open horizontal striped structure
(B) showed lower bursting strength, while the topograiplspired zigzag structure (A) exhibited balanced
mechanical behavior. These results are consistent with studies regbdintabric structure and fiber type
significantly affect bursting strength, and that compact structures provide higher bursting resistance [12].

3.3.Thermal Conductivity Results of Knitted Surfaces

>
o — 0,08

> 0% HE A N
(ﬁ > o ]
1it B e e R G .
3= O 2 — . .
c O : . A Topographic B Horizontal C Chevron
— g 5 A Topographch Hor_lzontal C Qhevron Zri)gzgagp Striped Zigzag

© Zigzag Striped Zigzag Material

. aterials
Materials

Figure 3. Thermal Conductivity of Knitted Surfaces

Figure 3 shows that thermal behavior differed according to pattern geometry and structural density. Heat transfel
in knitted fabrics was mainly affected by structural porosity and loop density. The more open horizontal striped
fabric (B) showed higher heat transfer and lower thermal resistance, while the compact chevron zigzag fabric (C)
provided better heat retentionhd topographynspired zigzag structure (A) exhibited balanced thermal behavior.
These results are consistent with studies reporting that higher porosity decreases thermal resistance, whereas den:
structures improve thermal insulation [13,14]

3.4.Moisture Absorption Results of Knitted Surfaces

- N C N
0

A Topographic Zigzag B Horizontal Striped C Chevron Zigzag
Materials

=
o

Moisture
absorption (%)

Figure 4. Moisture Absorption of Knitted Surfaces
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Figure 4 shows that moisture absorption depended on surface openness, loop density, and compactness. Structt
B showed the highest moistuabsorption due to its open structure, while compact Structure C had lower absorption.
Structure A showed balanced behavior. Overall, higher porosity and stitch length increased moisture absorption,
confirming that pattern geometry affects comfort perforoedi5,16,17].

3.5.Fastness Results of Knitted Surfaces

Table 4. Fastness of Knitted Surfaces

Parameters A Topographic Zigzag B Horizontal Striped C Chevron Zigzag
Washing fastness 4i 5 4 4i5
Rubbing fastness (dry) 415 4 415
Rubbing fastness (wet) 34 3 4

Light fastness 5 475 5

As shown in Table 4, fastness properties varied depending on structural density and surface compactness. All fabric
showed good washing and liglatstness. Wet rubbing fastness was lower in the more open Structure B, while
compact Structure C showed higher fastness performance. Overall, compact structures provided better fastness th:
open structures.

4. CONCLUSIONS

The results of the study show thihe performance of knitted fabrics is mainly determined by pattern geometry,
stitch length, and structural density. From a mechanical perspective, the chevron zigzag fabric (C), with its compact
structure, provided the highest bursting strength and diomaldsstability, while the more open horizontal striped
fabric (B) exhibited the lowest mechanical performamcaerms of thermal and moisture properties, structure B,

due to its high porosity, enabled better air aradsture transfer, whereas struct@showed better insulation with

higher thermal resistanc&he topographyinspired zigzag structure (A) demonstrated a balanced performance
across all propertie§Vhen fastness properties were examined, it was determined that dye fixation improved with
increasing structural density, and compact structures provided higher fastness values.

As a result, open structures offer advantages in terms of comfort (air and moisture transfer), while compact
structures provide advantages in strength and stability; gogtaphyinspired zigzag structure offers an optimal
balance between these two characteristics.
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ABSTRACT

The role of technology in apparel retailing has expanded rapidly, especially after the -C@\fiandemic
accelerated the adoption of digital solutions sastonline ordering, clickndcollect, and automated operations.
Advances in &ommerce, data analytics, virtual and augmented reality, and blockchain have transformed the
shopping experience, optimized supply chains, enhanced transparency, and supgtaiedbdity initiatives.
Additionally, social media and mobile platforms have reshaped consumer behavior and contributed to the
unprecedented growth of fast fashion.

This study explo@c onsumer sd6 acceptance, adoption, active uc¢
intentions regarding emerging technologies in apparel retailing. Survey findings iddicgtparticipants shosd

strong interest in these technologies and genygraticeivel them as useful and beneficial. Although they ex@méss
confidence in ease of use and security, concerns related to privacy persist to some extent. Participants aldo support
the continued development of retail technologies and report intenttbmaintain their usage in the future.
Consequentlythe results sugge=stthat technological innovations in apparel retailing are positively received and
broadly accepted by consumers.

Keywords: Apparel retailing, digital technologies, fashiamgnsumer adoption

1. INTRODUCTION

Emerging technologies and digital tools have fundamentally reshaped the fashion retail sector, transforming how
consumers interact with, purchase, and experience fashion. Technological innovations play a central role in
optimizing operations, increasing efficiency, and improving sustainability, as well as enhancing service quality by
delivering the right product to the consumer at the right time throughimealksales data and consumer behavior
analytics. On the consumside, these technologies are highly effective in enhancing customer engagement and
providing a pleasant and exceptional shopping experience. An increasing number of fashion retailers are
progressively integrating digital technologies such as smart shehtesctive displays, smart fitting rooms,
shopping assistance systems, touchless payment solutions, smart shopping cartschadkself systems into
physical stores, marking a shift toward technologically enabled anede¢s retail environmentsommonly
conceptualizedl]l.as fAsmart storeso

Smart stores are physical retail environments deeply integrated with interconnected technologies designed tc
automate, personalize, and elevate the shopping experience. A smart store is characterized byittierastive
devices, radio frequency identification (RFID) systems, augmented reality (AR) applications, -@maiddd tools
that enhance both operational effectiveness and consumer engagement throughout the shoppifffj journey

According to theState of Fashion Technology Repoft McKinsey & Company, in 2021 fashion companies
invested between 1.6% and 1.8% of their revenues in technology, and this figure is expected to rise to betweel
3.0% and 3.5% by 2030, indicating a growing commitment ttadi@doption. More than 60% of fashion executives
believe that creating integrated digital processes across their organizations will be among their top five areas for
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digitization by 2025, highlighting the strong internal prioritization of digital tramséion [3]. These indicators
show that digital technologies are not only discussed conceptually but are also increasingly funded and prioritized
in the fashion retail industry.

In smart retail environments, integrated technological systems enable peeboammunication with consumers,
creating unified omnichannel experiences that connect physical and digital touchpoints [4]. Technologies such as
smart mirrors, interactive displays, and i@nd ARenabled fitting rooms significantly enhance serviceliua

and customer experience by personalizing recommendations and improving overall consumer satisfaction anc
engagement [5]. Interactive digital technologies enhance customer and user engagement by etabatigrgo
interactivity, sensory appeal, apdrticipation in both online and physical retail environments. Integrating a wide
range of digital technologies across brarkdmortar and online channels strengthens customer engagement and

i mproves retailersé competitive positioning [6].

Digital atmosplere in retail stores plays a crucial role in capturing consumer attention, which in turn drives interest,
desire, and behavioral responses such as searching, purchasing, and sharing. Oversized digital displays and tou
screens positively influence produmtaluations and stimulate electronic warfdmouth while also encouraging
consumers to search and shop across channels in an omnichannel context [7].

In luxury fashion retailing, Burberry demonstrates how immersive digital installations andeRRIB b inagid
mirrorsodo transform the flagship store into dashioexper
segment, Topshop uses mobile applications, live streaming, and social media integration to engage consumer
beyond the store angenerate data that informs buying and merchandising decisions. From a department store
perspective, Harrods employs a mobile application and proximity technologies to sugpomt inavigation, enrich

the luxury service experience, and attract internatiand younger customers [8].

In their study, Kim et al.9] highlighted that usefulness enhanced
adoption of smart istore technologies. Similarly, a recent study conducted in the United States on-aglaicel
digital retail technologies found that consumer sbé i
effort expectancy (ease of use), facilitating conditions (technical infrastructure), perceived physical risk, and time
or conveniencdoss risk[10]. Consumers associate emerging fashion technologies with convenience, efficiency,
and innovation, aligning them with hedonic and -siifécted values. Conversely, adoption barriers are largely
driven by intangible concerns such@s/chological, cultural, societal, and privacy issues, which activate values
related to security, conformity, tradition, benevolence, and universdim [

Despite the increasing adoption of digital technologies in fashion retailing, there is stilil langrical research
examining how consumers perceive and evaluate these technologies within physical store environments. While
previous studies have often focused on online retail technologies or general digital adoption, fewer studies have
specifically nvestigated the determinants of consumer acceptance of smsgwtértechnologies in fashion retail
contexts.

Addressing this gap is particularly important for fashion retailers seeking to invest effectively in retail technologies
and design technologgnhanced shopping environments that align with consumer expectatiengurpose of this
study is to examine consumersd perceptions, attitud
in fashion retail environments. Specificallyetlstudy aims to investigate how key factors derived from the
Technology Acceptance Model (TAM), including perceived usefulness, perceived easepdrasved risk, as

well aspersonal innovativenessf f ect consumer sd& i nt e ngtrétad rechnologies. 8yd o p t
doing so, this study contributes to the literature by providing insights into consumer acceptance of smart retalil
technologies in fashion retail settings and offers practical implications for retailers aiming to enhance tgchnolog
driven shopping experiences.

2. METHODOLOGY

2.1 Data Collection

Data were collected through an online survey administered to consumers with experience or familiarity with retail
technologies. The online questionnaire approach was selected to ensure broad accessibility and efficient dat
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gathering. Participation was woitary, and respondents were informed about the purpose of the study prior to
completing the survey.

2.2 Measures and Data Analysis

The survey instrument consisted of items adapted from technology acceptance and consumer behavior literatur
and was structurei measure key constructs related to retail technology adoption. All items were measured using
a five-point Likert scale, where 1 = Strongly disagree and 5 = Strongly agree.

fiPersonal innovativene@as measured usi ng f ournowldadgeofsetail technplagies, i n g
willingness to try new technologies, relative innovativeness within their social circles, and perceptions of retalil
technologies as fashionable and treriBerceived riskwas assessed with three items evaluating perceafety

of using retail technologies, concerns regarding personal privacy, and skepticism toward the development of retail
technologiesiiPerceived ease of Wswas measured using two items, reflecting the extent to which respondents
perceived retail teclutogies as easy to learn and easy to fBerceived usefulnedsvas captured through four

items assessing the perceived contribution of retail technologies to facilitating the shopping process, saving time,
and overall evaluations of retail technologissaajood and smart idd®ehavioral intentioato use was measured
with three items, examining respondentsd intention:
them in the future, and recommend their use to others.

Descriptivestatisi c¢s, including mean values (M), adoptionefre@ia | c ul
technologies.

3. RESULTS

Table 1 presents the demographic characteristics of the participants. The survey was conducted to 108 participant

Table 1.Demographic properties of the participants.

Frequency %
Female 61 56.5
Gender Male 46 426
Prefer not to specify 1 0.9
18-28 14 130
Age 2947 84 778
4859 10 9.3
High School 4 37
Associate Degree 10 9.3
Education Bachel or 6 64 59.3
Master 6s 26 24.1
Doctoral Degree 4 37
20.000 TL and below 5 4.6
. 20.00650.000 33 30.6
Personal income
50.006100.000 43 39.8
100.000 TL and abov 27 25.0

The sample consists of 56.5% female participants, and 42.6% male participants. In terms of age distribution, the
majority of respondentsll within the 29 47 age group (77.8%), indicating a largely midaéged sample, whereas
younger participants agediIB constitute 13.0% and those aged¥Baccount for 9.3% of the sample

Regarding educational background, most participants hold &dachr 6 s degree (59. 3%), f
masterbés degree (24.1%) . Smaller proportions of res
degree (3.7%), or a high school education (3.7%). With respect to personal income, theHarges participants

reported a monthly income between 50,000 and 100,000 TL (39.8%), followed by those earning between 20,000
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and 50,000 TL (30.6%). Participants with an income of 100,000 TL and above represent 25.0% of the sample, while
a smaller proprtion (4.6%) reported an income of 20,000 TL or below.

Table 2 presents the average scores of the factors and their related items measuredpmina fikert scale.

Overall, the findings indicate generally positive attitudes toward the use of esthildlogies across most
dimensionsWith respect to personal innovativeness, the mean scores suggest a moderate to high level of opennes
to retail technologies. Respondents reported a relatively strong tendency to try new technologies when they are o
interest (M = 3.78) and perceived retail technologies as fashionable and trendy (M = 4.31). Theoglesl #em
indicates that respondents do not strongly perceive themselves as late adopters within their social circles (M = 3.90)

Table 2. Averagescores of factors and related items.

Mean

Factors and related items score (M)

Personal innovativeness
| have more knowledge about the use of retail technologies than most other pec 357
When a new technology that interests miatioduced, | want to try it immediately. 3.78
In general, | am among the last people in my social circle to be knowledgeable

retail technologiesréversecoded 3.90
I think using retail technologies is fashionable and trendy. 431
Perceived risk

Shopping using retail technologies is safe. 3.68
Using retail technologies may lead to violations of personal privacy. 3.22
The development of retail technologies is a waste of resoregsrsecoded 418
Perceived ease of use

| think learning how to use retail technologies is easy. 4.00
| think acquiring the skills to use retail technologies is easy. 4.06
Perceived usefulness

Retail technologies contribute to improving and facilitating the shoppiocess. 4.05
I think 1 can shop in less time by using retail technologies. 4.06
Overall, using retail technologies is a good idea. 4.03
Using retail technologies is smart. 4.00
Behavioral intention

| intend to use retail technologies as mucpassible. 3.95
| will probably continue to use retail technologies in the future. 3.89
| would recommend the use of retail technologies to others. 3.96

Regarding perceived risk, participants expressed moderately positive perceptions of safethioppéary using

retail technologies (M = 3.68). Concerns related to personal privacy were present but not dominant (M = 3.22),
while the reverseoded item suggests that respondents generally do not view the development of retail technologies
as a waste afesources (M = 4.18) he results for perceived ease of use show high mean scores, indicating that
participants find retail technologies easy to learn (M = 4.00) and easy to use (M = 4.06). Similarly, perceived
usefulness yielded consistently high sconegh respondents agreeing that retail technologies facilitate the
shopping process (M = 4.05), save time (M = 4.06), and represent a good (M = 4.03) and smart idea (M = 4.00).

Finally, the behavioral intention dimension also demonstrated sposigjive tendencies. Participants reported
intentions to use retail technologies as much as possible (M = 3.95), to continue using them in the future (M = 3.89),
and to recommend them to others (M = 3.96).
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Figure 1. Mean values of the answers givena&point Likert scale

As shown in theFigure 1 the results indicate generally positive perceptions toward the technology, with all
constructs scoring above the midpoint. Perceived ease of use and perceived usefulness have the highest mean val
(both 403), suggesting that respondents find the technology both easy to use and beneficial, which are key drivers
of adoption. Behavioral intention is also relatively high (3.94), indicating a strong willingness to use the technology,
while personal innovativerss shows a moderately positive level (3.89). In contrast, perceived risk has the lowest
mean score (3.69), implying that although concerns exist, they are less dominant compared to usability and
usefulness considerations in shaping consumer responses.

4. CONCLUSION

The rapid digital transformation of the retail sector has significantly altered how consumers interact with fashion
brands and physical store environments. As technological innovations continue to reshape the apparel retai
landscape, understandin consumer sd& perceptions and behaviour al
increasingly important.

This study e x aparsona idnovativanespemaptiosspand behavioural intentions regarding the

use of retailtechnologies in apparel retail environments. The findings indidht consumers generally hold
positive attitudes toward digital technologies in fashion retailing and perceive them as useful tools that enhance
convenience, efficiency, and overall shampiexperience. These results are consistent with previous research
emphasizing the central role of perceived usefulness and ease of use in shaping technologyatapiizsl2].

At the same time, although participants expressed confidence in thdtysaidl functional benefits of retail
technologies, concerns related to privacyl data security were not entirely eliminated. This finding aligns with
earlier studies suggesting that perceived risks, particularly priedaied concerns, can infuence n s u mer s 6
attitudes toward digital retail technologies [13]. Therefosbjle consumers appear willing to engage with
technologyenhanced retail environments, their trust in data management and privacy protection remains a critical
factor influencing longerm adoption.

Another important implication of the findings is the role of consumer innovativeness in technology adoption.
Individuals whoare more open to new technologies are more likely to adopt and recommend smart retail
technologies. This observati@mconsistent with prior studies highlighting the influence of personal innovativeness
on technology acceptance and diffusion [12]. For fastetailers, this suggests that encouraging trial experiences
anddemonstrating the benefits of new technologiey facilitate greater adoption.

From a managerial perspective, the results suggest that retailers should focus not only on implementing advance
technologies but also on designing uSemdly and engaging retail experiences that clearly communicate

functional benefits to consumers. Technologies that combine practical usefulness with enjoyable and interactive
experiences are more likely to enhance consumer engagement and increase adoption rates. Furthermore, retaile
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should address consumer concerns neigg privacy and data protection by ensuring transparency and building
trust in their technological systems.

Future research could extend the present study by employing inferential statistical techniques to examine the
relationships between these variabla greater depth and to provide a more comprehensive understanding of
consumer adoption behaviohs fashion retailers continue to integrate smart technologies into physical stores,
understanding the factors that shape consumer adoption will remaitisddselesigning effectivandengaging
technologydriven retail environments.
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ABSTRACT

During use, textile materials are susceptible to abrasion, which can cause surface pilling that impairs their aestheti
and functional properties. Pilling in textile testingften evaluated by the visual method (EN ISO 1284920).
Currently, the occurrence of pilling can also be quantitatively assessed by advanced instrumental methods involving
digital imaging, image analysis, and a pilling grading process. In publishedrchs the conditions for digital
imaging are often neanniform and usually deviate from standard visual methods in terms of distance, angle, and
light source, which affects the appearance of pilling captured in digital images. Therefore, an impravead insir
evaluation method was introduced using innovative apparatus designed and built to provide uniform digital imaging
under the conditions of the visual method. The applicability of the apparatus was tested on cotton and viscose
standard woven fabrigpecimens, which were pretreated by the modified Martindale method (EN 1SO-12945
2:2020) with two different abrasive fabrics. Grading was performed by both the visual and the improved
instrumental evaluation method, which is based on nine grading classesidg the selected numerical pilling
parameter determined through image analysis. The results demonstrate high correlation values between the grad
assigned by the two pilling evaluation methods, as the digital imaging conditions for the testespfadinens

were consistent with the standard conditions.

Keywords: Pilling occurrence, Digital imaging, Improved evaluatiorethod, Innovative apparatus, Woven fabric

1. INTRODUCTION

Pilling is a readily noticeable surface changearacterized by the entanglement of protruding fibres into clusters
(pills) that are slightly raised above the fabric surface and dense enough to block light and cast a shadow [1]. A
textile fabricds abrasi on r @adursenca j2]cCottos falgies usudllychave & | y
moderate pilling tendency, while viscose fabrics typically exhibit more intense pilling [3]. The pilling tendency of
textile fabrics is often evaluated by the visual method according to EN ISO-2Z83%). h this method, observers
evaluate pretreated specimens (usually prepared by the modified Martindale method EN 1SQ:222A5by
comparing their surfaces with an untreated specimen and, if applicable, with standard photographs. The visual
methodissubgt i ve and depends on the observersd experien
specific fabric [4]. Alternatively, in research, the evaluation process is often conducted using advanced, that is,
instrumental methods, which are unstaddzed and therefore not uniform. The instrumental evaluation method
consists of a digital imaging process, in which digital images of the fabric specimen surfaces are acquired, followed
by a software analysis process, by which the numerical valuesiof uirameters are obtained and the grading of
pilling intensity is performed [5]. Therefore, the need for improvement of the instrumental evaluation method was
identified to enable uniform digital imaging of the tested fabric specimen surface areayirit@in@sembles the

visual impact detected by the visual evaluation method.
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2. EXPERIMENTAL STUDY
2.1 Materials and Pilling Induction Method

Standard plain weave fabrics made from cotton and staple viscose fibres, as specified ini E2:2089 and
purchased from SDC Enterprises Limited, UK, were used in this research. Pilling was induced by pretreating the
fabric specimens using a modified Martindale method (EN 1SO 1291%®0), in which the specimens were
abraded with two different abrasive falsrithe same fabric as the one being tested (F1) and standard wool abrasive
fabric (F2, EN ISO 12947:1998+AC:2006). The pretreatment process was conducted for six predefined numbers
of pilling rubs (125, 500, 1000, 2000, 5000, and 7000) under a constagittwef 415 g at standard atmospheric
conditions for textile testing. For each fabric, one specimen was prepared for both abrasive fabrics and each
predefined number of pilling rubs.

2.2 Visual and Improved Evaluation Pilling Methods

Induced pilling was evahted using both a visual method and an improved instrumental evaluation method. Three
observers performed the visual evaluation by comparing the surface appearance of pretreated specimens wit
untreated specimens, following the standard conditions defnEdN ISO 129484:2020 (Figure 1a), and using a
viewing unit (Figure 1b) under artificial daylight (D65) illumination. The visual evaluation result is a numerical
grade from 5.0 (no change) to 1.0 (severe pilling), including half grades (4.5, 3.5 abtclgted as the arithmetic

mean of the three grades assigned by the observers to each tested specimen.

FiguEgaluation conditions for the visual met hod: (
f absrppecci men surface (3), viewing distance from t hi
pretreated specimen (1), wuntreated specimen (2),; (
i nstrument al eval uati menmposodi onbEe)y yvedmagi ng c ame

position (3).

The improved instrumental evaluation method was conducted using an innovative apparatus (Figure 1c¢) and the
image analysis software Fiji (version 2.17.0 [9]). Tdygparatus was developed to enhance the instrumental
evaluation method, specifically the digital imaging process, as it is designed and constructed to capture the entire
area of the tested fabric specimen according to the standard visual evaluation meditozhs, including viewing
distance and angle, as well as illumination source (artificial dayiglBb). The device used to capture grayscale
digital images at a resolution of 1280 x 1024 pixels (Figure 2a) was alLidéndigital microscope.
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(b) (©

Figuteagge analysis process of the improved instrur
abraded by wool abrasive fabric for 5,000 rubs; (
occurrencet lod ipnveérn g fomst Fourier transform i me

The image analysis software Fiji was used to numerically characterize pilling occurrence, employing Fast Fourier
Transform (Figure 2b) and threshold adjustment (FigureT2a$. image analysis enabled extraction of numerical
parameters describing pilling, with the selected reference parameter being the percentage of the specimen surfac
area occupied by pillsA\g, [%]). The improved instrumental evaluation method was gradeduumerical grades

(from 5.0 to 1.0), assigned based onAhgvalue, with nine grading classes (1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and
5.0). The grading classes are defined as intervaig,ofalues, determined by linear interpolation betweemtp

values of the best (5.0) and worst (1.0) graded fabric specimens during the visual evaluation method (Equation 1’
[10].

A R — Eq. 1

Where:

X1 Ao pvalue of the half gradeq 7 A pvalue of the tested fabric specimen with the worst visual evaluation grade;
x21 A, pvalue of the tested fabric specimen with the best visual evaluation gradetermediate gradgzT  wor s t
visual evaluation gradg: i best visual evaluation grade.

3. RESULTS

The results of the visual evaluation method for cotton and viscode $glecimens, abraded with either the same
fabric as the one being tested (F1) or the standard wool abrasive fabric (F2), and subjected to six predefined numbel
of rubs, are shown in Table 1. The arithmetic means of the pilling grades assigned bytbbgareers during the

visual evaluation indicate that both cotton and viscose fabrics are prone to pilling, but the intensity of pilling is
higher in viscose fabric specimens. This is attributed to the lower abrasion resistance of viscose fibres and thei
greater tendency toward fibrillation [2]. A noticeable difference between the specimens abraded with F1 and F2
fabrics was also observed in both fabric types. Cotton fabric specimens abraded with F1 fabric exhibited an earlier
and more pronounced occuroenof pilling, reaching grade 3.0 after only 125 rubs, compared to those abraded with
F2 fabric, which reached the same grade after 1000 rubs. In both cases, the most severe pilling intensity for cottol
fabric specimens was observed after 7000 rubs. FRmose fabric specimens, a similar difference in pilling
tendency between those abraded with F1 and F2 fabrics was observed as with cotton fabric specimens, but afte
fewer abrasion rubs (F1: after 125 rubs, grade 1.0; F2: after 500 rubs, grade 2.0).
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Table 1. Arithmetic means of the pilling grades assigned by the three observers during the visual evaluation
method, along with the variability of these grades, for cotton and viscose fabric specimens abraded by each
abrasive fabric after sipredefined numbers of pilling rubs.

Arithmeti f the pilli
Number of rithmetic mean of the pilling grades
Cotton Viscose
rubs
F1 F2 F1 F2
0 5.0 5.0 5.0 5.0
125 3.0 5.0 1.0 45+0.5
500 3.0 4.0 1.0 2.0
1000 3.0 3.0 1.0 2.0
2000 3.0 3.0 1.0 15+05
5000 3.0 15+05 2.0 1.0
7000 1.0 15+05 2.0 1.0

F1- Abrasive fabric: same as the fabric being tested; M2rasive fabric: standard
wool abrasive fabric.

The results of the improved instrumental evaluation methbd interval values for each thfe nine pilling grades

(from 1.0 to 5.0), determined by the percentage of the specimen surface area occupiedAnp@lifof cotton

and viscose fabric specimens abraded with the same fabric (F1) and the standard wool abrasive fabric (F2) ar
shown in Bble 2. The pilling grades assigned by the improved instrumental evaluation method and these interval
values are presented in Table 3.

Table 2.Interval values for nine grading classes, based on the percentage of the specimen surface area occupied
by pills (Ao {%]).

Grading classes interval values
Pilling grade Cotton Viscose
F1 F2 F1 F2
1.0 01.40 O0. 64 O01. 66 01.62
1.5 1.2341.408 0.5680.647 1.4561.661 1.4231.623
2.0 1.0591.233 0.4880.567 1.25111.455 1.2221.422
2.5 0.8841.058 0.4080.487 1.0451.250 1.0211.221
3.0 0.7090.883 0.3290.407 0.8401.044 0.8211.020
35 0.5340.708 0.2490.328 0.6340.839 0.6200.820
4.0 0.3590.533 0.1690.248 0.4280.633 0.4190.619
4.5 0.1840.358 0.0890.168 0.2230.427 0.2180.418
5.0 00. 18 00. 08 00. 22 00. 21

F1 - Abrasive fabric: same as the fabric being tested; ABrasive fabric: standard
wool abrasive fabric.

The percentage of the specimen surface area occupied byApil[80]) represents the proportion of the surface
affected by pilling, taking into account both the number of pills and their individual areas (sizes). This provides a
comprehensive measure that more accurately reflects the visual impact of pilling undardsiifummination, as

the variability of pill area (size) on the observed specimen surface is high. Thefefaseused to define nine
grading classes in this improved instrumental pilling evaluation method [4, 6]. The grading classes consist of
intervd values of equal length, as shown in Table 2. However, the lengfk, afterval values differs between

cotton and viscose fabrics, as well as between specimens abraded with the same fabric (F1) and those abraded w
standard wool abrasive fabric (F®otton fabric specimens have a londeyinterval value when rubbed against

F1 fabric (Table 2), indicating a higher pill formation to detachment rate for those specimens. Viscose fabric
specimens have simild, interval values between specimens abradiéld F1 and F2 fabrics, but as shown in
Table 3, the difference in pill formation to detachment rate for specimens rubbed with F1 and F2 fabrics is also
present.
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Table 3.Pilling grades assigned by the improved instrumental evaluation method.

Number of Improved instrumental method pllllqg grades
Cotton Viscose

rubs
F1 F2 F1 F2
0 5.0 5.0 5.0 5.0
125 3.0 4.5 1.0 4.5
500 25 3.0 1.0 3.0
1000 2.5 3.0 1.0 3.0
2000 3.0 2.0 1.0 3.0
5000 25 1.5 1.0 1.0
7000 1.0 15 1.0 2.0

F1- Abrasive fabric: same as the fabric being tested; M2rasive fabric: standard
wool abrasive fabric.
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The comparability of the pilling grades assigned by the visual methddhe improved instrumental evaluation
method was confirmed by the very high coefficients of determinationi(D.0®) (Figures 3a, 3b), calculated with
a 95% confidence interval

4. CONCLUSION

The aim of this research was to improve the pilling evaluation method by enabling uniform digital imaging of the
fabric specimen surface while complying with the conditions of the standard visual method (EN 1S@ :22245.
This was accomplished througire use of innovative apparatus.
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ABSTRACT

Back pocket failures constitute a critical quality problem in denim garments, where tear weakness typically occurs
at the bar tack region under stresses generated predominantly in theeetitin during use. The current standard
method, ASTM D7506/D7506M, measures tear strength only in the warp direction and simultaneously clamps both
the pocket fabric and the body fabric, which leads to inaccurate results since the measured fareadsdnifly

the body fabricbés strength. Additionally, the stand
its applicability across woven bottom garments. This study aimed to develop a new test method and sample
preparation system pable of accurately measuring the tear strength of back pocket regions under conditions that
more realistically simulate weararduced stresses.

A standardized 10 x 10 cm test template was designed to ensure rapid, reproducible sample preparatime and prec
alignment of the bar tack relative to the point of force application. Using the template, three fabric compositions
(100% CO, 90/6/4% CO/T400/EL and 99/1% CO/Hilere subjectetb light and heavyvashing treatments. Tear
strength measurements were parfed using a modified clamping configuration based on ISO 1298ciples,

but with the jaws positioned 50 mm apart and oriented to apply force in the weft direction. Three clamping methods
were compared which are pociatly clamping, bodyonly clampng, and dual clamping.

Results demonstrated that the use of the template significantly reduced data variability. Among the three methods
the pocketonly clamping configuration produced the most realistic and repeatable results, as it isolates the force
required to separate the pocket fabric from the body fabric at the bar tack mirroring actual wear conditions. Across
all fabric types, samples with back pocket tear values below 100 N were found to be easily broken off by hand after
heavy wash processes, gagting that 100 N should be considered a critical performance threshold for product
acceptance.

The developed template and test method provide a standardized, reliable, and applicable procedure for evaluatin
back pocket tear strength in denim and othevem bottom garments

Keywords: Denim, Tear strength, Back pocket, Test method, Woven garments

1. INTRODUCTION

Mechanical durability is a critical performance parameter in denim garments, which are subjected to repeated
deformation, abrasion ardcalized stresses during wear. Among common failure modes, back pocket tearing is
frequently reported and represents a significant source of quality loss in mass production [1]. These failures typically
occur at the bartack seam, where stress concemt@delops and loading is predominantly applied in the weft
direction during daily activities such as sitting and bending.

Tear strength in woven fabrics is influenced by fiber composition, yarn structure, fabric density and finishing
processed-abrics with higher yarn mobility generally exhibit greater resistance to tear propagation, while intensive
finishing processes such as bleaching and stone washing treatments reduce strength by damaging fiber structu
and increasing yarn slippage [2].denim garments, washing processes play a dominant role in determining final
mechanical performance.
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The commonly used ASTM D7506/D7506M standard evaluates pocket reinforcement strength uneer warp
direction loading and clamps both pocket and body layersltsineously [3]. This approach does not reflect the
actual failure mechanism observed in use, where tearing occurs at the pocket body interface in the weft direction
Moreover, variations in pocket geometry limit the applicability of standard testingefsxtu

Although several studies have investigated seam strength and general tear behavior in textiles, limited attention ha
been given to localized failure mechanisms in denim back pockets [4]. Therefore, there is a heed for a test metho
that accurately mresents real usage conditions and provides reliable, repeatable results.

The aim of this study is to develop a new tear strength test method that simulates weft direction loading, isolates
the pocket body interface, ensures standardized specimen p@paratidefines a practical performance threshold
for denim back pocket durability.

2. EXPERIMENTAL STUDY

This study was designed to develop a weft direction tear strength method capable of accurately replicating the
failure mechanisms observed in denim backkets during real use. Experimental work was conducted through a
systematic sequence of fabric selection, washing treatments, specimen conditioning, standardized template samp
preparation, and tensile testing under controlled clamping configuratioasmé&thodology was structured to
ensure strict repeatability, eliminate geometric inconsistencies common in current industrial practices, and isolate
the mechanical behavior of the pocket and body interface.

2.1. Fabric selection and garment preparation

Three commercially relevant denim qualities were selected to represent a range of fiber compositions, elasticities,
and weave structures commonly found in massluced denim garments. These fabric samples included: FN (90%
CO, 6% T400, 4% EL), FS (99% CO®IEL), and F1 (100% CO). Each fabric was cut and sewn into standardized
trouser constructions using identical five pocket dimensions and bar tack reinforcement patterns to eliminate sewing
related variability. All garments were produced on the same plioddte to ensure consistent stitching density,
needle type, thread characteristics, and bar tack settings.

2.2. Washing treatments

Because mechanical degradation in denim predominantly arises from wet processes rather than wear alone
controlled washing treatments were applied to capture realistic performance. Three finishing routes were selected
reflecting typical industrial practice: (i) rinse wash; (ii) heavy wash, consisting of rinse, stonewash, bleach,
neutralization, bisulfite,red tinting stages; and (iii) Enzyme wash consisting of rinse wash with additional cellulase
enzyme and softener treatmeffif. These processes were chosen to represent increasing levels of fiber surface
damage, yarn slippage, chemical oxidation, and fraotional changes known to alter tear and tensile behavior in
denim fabrics. All washes were carried out in a controlled wet processing laboratory using consistent liquor ratios,
mechanical loadings, and chemical dosages.

Following laundering, all trouse were conditioned in a standardized climate room at 20 £ 2°C and 65 + 2% relative
humidity for 24 hours, in accordance with general textile testing requirements. Conditioning was essential to ensure
moisture equilibrium in both pocket and body fabrisshamidity variations can significantly affect tear and tensile
responses. Conditioned specimens were used for mechanical testing.

2.3. Development and use of the standardized cutting template

A key methodological advancement of this study was the creatiarstandardized 10 x 10 cm cutting template
designed to eliminate geometric inconsistencies commonly encountered in existing tear testing procedures (Figure
1). The template incorporated a central 0.8 cm circular alignment hole, positioned to coiacidelypwith the

bartack reinforcement in the garment, and a series of peripheral reference slots that allowed fine rotational anc
translational alignment with the pocket boundary. This configuration ensured that the bar tack was placed exactly
at the ceter of the loading axis of the tensile tester

43



INTERNATIONAL

International Textile & Fashion Congress

filnnovate, Integrate] nspire: The Future of Textil esct ITFC

28-29 April 2026, Istanbul, Turkey

NOIHSVS ¥ FWLXRL

CONORESS

100mm

50mm

100mm

Figure 1. Cutting template

During specimen preparation, the template was placed onto the back pocket region, visually aligned through the
reference apertures, and fixed in position before cutting (Figuréh® ensured that each extracted specimen
possessed identical geometry, bar tack position, and load path orientation. The adoption of this template directly
addressed challenges in denim testing, where small deviations in cutting angle, bar taak ife&et curvature

can introduce significant measurement variability

Figure 2. Specimen preparation
2.4.Mechanicaltesting configuration

Mechanical testing was performed using Titan 10 from James Heal, UK a constant rate tensile tester adapted fron
the ISO 13938 seam rupture framework but modified to suit the unique geometry and failure mode of back pocket
separation6]. The jaw separation was set to 50 mm, enabling controlled propagation of tear along the weft
direction. The test direction was int@nally restricted to the weft because real world failures consistently arise
from lateral loading rather than longitudinal stretching.

To evaluate the influence of clamping configuration on measured tear strength, three distinct setyzmveee.

The pockeonly configuration (Figure 3a) placed the pocket fabric in the lower jaw and the body fabric in the upper
jaw, isolating the pocket and body interface and reproducing the actual separation behavior observed in wear. The
body-only configuration (Figure 3b), gripping only the garment body fabric in both jaws, served as a structural
reference representing the underlying fabric strength. Thecthraping configuration (Figure 3c), which clamped

both layers in the upper jaw while grippingly the body layer in the lower jaw, approximated current industrial
testing but did not fully reflect the localized tear mechanism. All jaws were lined witkfiejbn elastomeric

material to prevent specimen slippage, and all tests were conductedrdtaled extension rate of 50 mm/min,
consistent with standardized tensile test practices.
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Figure 3. Clamping configuration (a. pocketly configuration, b. bodpnly configuration, c. duatlamping
configuration)

For each fabric, wash and clampingmbination, multiple replicates were tested to ensure statistical robustness.
Peak tear force was automatically recorded as the maximum load at which the pocket and body fabrics separated
the bar tack region. In addition to mechanical measurementglitative hanetear assessment was performed

after washing treatments to verify correspondence between laboratory values and real world failure potential. All
data were analyzed to determine variability, sensitivity to washing intensity, and the distvanpoaver of each
clamping method. The relationship between mechanical force anddaaadility was further examined to identify

a practical performance threshold.

3. RESULTS

The results obtained from the standardized cutting template atit¢beclamping configurations demonstrate clear
distinctions in tear strength behavior across fabrics, washing treatments and loading conditions. Overall, the findings
confirm that the weftirection tear mechanism of denim back pockets is highly sensitigarment finishing
processes and specimen geometry, and that conventional testing methodologies do not adequately capture th
localized failure mode.

3.1. Effect of templateassisted specimen preparation

Analysis of back pocket tear strength in thevashed state revealed clear and consistent differences among the
three clamping configurations (Table 1). For all three fabrics, the poocketonfiguration produced distinct and
internally coherent datasets, with relatively low scatter between regli¢aiethe FN series (90% CO, 6% T400,

4% EL), pocketonly tear strength values ranged between approximately2825N; for the FS series (99% CO,

1% EL) between 22240 N; and for the F1 series (100% CO) betweeri 182 N. These trends are consistent

with the expected influence of fiber composition and elastomeric content on tear resistance, withdbeedurad
elastanecontaining FN fabric exhibiting the highest initial performance.

Introducing the 10 x 10 cm cutting template substantially reducedidairsion compared with preliminary trials
conducted without geometric standardization. Variance decreased across all fabric types, indicating that
misalignment of the bartack region and inconsistencies in specimen contour had previously contributed to
artificially inflated scatter in tear force measurements. This observation is in line with previous reports that tear
testing is highly sensitive to notch positioning and fabric orientifiprBy aligning each specimen precisely along

the weft direction ad ensuring a reproducible load path through the bartack, the template improved the
discriminatory power of the method and strengthened the reliability of the subsequent analyses. The reduction in
variability is particularly important for denim fabrics, wh often exhibit heterogeneous deformation due to
elastomeric yarns and namiform finishing treatments

45



INTERNATIONAL

International Textile & Fashion Congress

filnnovate, Integrate] nspire: The Future of Textil esct ITFC

28-29 April 2026, Istanbul, Turkey

NOIHSVS ¥ FWLXRL

CONGRESS

Table 1.Back pocket tear strength results prior to washing treatments for three clamping configurations

Fabric Fabric Pocket  Body- Dual
Code Composition only only Clamping
Tear Tear Tear

Strength  Strength  Strength

(N) (N) (N)
FN-1 | 90% CO, 6% 258.3 247.7 290.3
T400, 4% EL
FN-2 | 90% CO, 6% 261.4 266.1 268.6
T400, 4% EL
FN-3 | 90% CO, 6% 261.6 273.9 296
T400, 4% EL
FN-4 |[ 90% CO, 6% 259.2 258.2 228
T400, 4% EL
FN-5 | 90% CO, 6% 255 279.3 302.7
T400, 4% EL
FS1 99% CO, 1% 237.2 230.5 271.3
EL
FS-2 99% CO, 1% 239.8 256.9 242.9
EL
FS-3 99% CO, 1% 230.3 236.8 283.6
EL
FS-4 99% CO, 1% 234.2 260.4 251.4
EL
FS5 99% CO, 1% 229.3 277.9 288.6
EL
F1-1 100% CO 189.3 216.8 248
F1-2 100% CO 188.1 231.4 226
F1-3 100% CO 181.7 2255 191.2
F1-4 100% CO 186.6 242.1 250.2
F1-5 100% CO 188.2 203.9 239.6

3.2. Influence of washing treatments on tear strength

The influence ofvashing treatments on back pocket tear strength is summarized in Table 2. Across all three denim
qualities, tear strength decreased systematically with increasing washing severityw&dhed specimens
exhibited the highest resistance, enzywashed spemens showed intermediate values, and hesaghed
specimens consistently produced the lowest tear strengths.

For the pockebnly configuration, mean tear strength for FN decreased from approximately 259 N in the unwashed
state to around 211 N after rine@shing, 162 N after enzyme washing and 118 N after heavy washing. Similar
trends were observed for FS (from 234 N unwashed to 200 N, 149 N and 104 N for rinse, enzyme and heavy washe:
respectively) and for F1 (from 187 N unwashed to 166 N, 128 N and)9%hese reductions represent the
cumulative effect of mechanical abrasion, chemical oxidation and enzymatic action on the yarn network. In
particular, enzyme treatments disrupt the amorphous regions of cellulose, promote fibrillation and increase inter
yarn mobility, thereby facilitating tear propagation once a crack has initiated at the @jtack

As washing intensity increased, the differences among fabric types became less pronounced, especially after heax
washing, where all three fabrics convergedard a relatively narrow range between approximateiyt 98 N in
pocketonly mode. This convergence suggests that aggressive finishing can dominate the mechanical response c
the back pocket region, partially overriding the inherent structural advargagjgecific constructions. This implies

that while initial fabric choice is important, the washing recipe can critically determinaesengerformance and

may, in severe processes, negate the benefits of pghiermance yarn or weave designs.

Table 2 Back pocket tear strength results after washing treatments for three clamping configurations
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Fabric Code Washing Process (R:rinse, Pocketonly Body-only Tear Dual Clamping
H: Heavy wash, E: Tear Strength Strength (N) Tear Strength
Enzyme) (N) (N)
FN-1-R R 210.8 216.1 252.2
FN-2-R R 211.7 244.1 258.4
FN-3-R R 201.5 229 216.1
FN-4-R R 214.4 205.2 208.7
FN-5-R R 216.1 209.3 212.2
FS1-R R 201.4 222.6 232.4
FS-2-R R 201.5 200.9 222.3
FS-3-R R 199.3 191.4 269.5
FS4-R R 200.5 216.5 231.9
FS5-R R 198.6 193.5 216.4
F1-1-R R 168.2 171.2 203.7
F1-2-R R 168.5 153.2 201.6
F1-3-R R 161.7 153.5 233.4
F1-4-R R 166.1 168.7 189.1
F1-5-R R 167.2 201.2 210.6
FN-1-E E 164 150.8 190.8
FN-2-E E 161.5 169.1 216
FN-3-E E 161.6 151.3 219.9
FN-4-E E 159.9 176.9 159.1
FN-5-E E 163.5 145.9 141.3
FS-1-E E 147.8 131.3 120.1
FS-2-E E 149.2 117.8 119.8
FS-3-E E 149.3 152.7 167.5
FS4-E E 148.1 134.9 110.2
FS5-E E 148.4 143.5 132.3
F1-1-E E 129.5 110.8 141
F1-2-E E 128.7 142.1 119.3
F1-3-E E 128.3 133.7 123.6
F1-4-E E 129.6 125.9 100.4
F1-5-E E 125.1 109.1 133.8
FN-1-H H 117.3 129 98.3
FN-2-H H 118.5 103.8 110.2
FN-3-H H 117.3 99.6 121.5
FN-4-H H 119.1 119.5 95.3
FN-5-H H 119.4 123.4 111.8
FS1-H H 107.2 105.3 109.1
FS-2-H H 104.8 91.4 116.2
FS-3-H H 101.9 120.4 91.9
FS-4-H H 104.1 117.2 104.7
FS-5-H H 103.8 108.9 109.5
F1-1-H H 100.1 97.3 117.1
F1-2-H H 98.6 91.9 105.2
F1-3-H H 96.7 115 111.6
F1-4-H H 99.4 104.3 98.2
F1-5-H H 98.8 111.5 89.4

Across allfabrics and washing conditions, the poekpty method generated the lowest and most stable tear
strength values, with standard deviations typically below 5 N in raw and rinsed conditions. This high level of
repeatability demonstrates the effectivenessth&f standardized cutting template in eliminating geometric
misalignment as a major source of variability and confirms that the pooketonfiguration is highly suitable for
comparative assessments of durability.

3.3. Comparative performance oftlamping configurations
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The three clamping setups displayed distinct mechanical responses. Thenhodynfiguration generally
produced intermediate tear strength values, reflecting primarily the intrinsic tensile strength of the base fabric rather
thanthe localized failure at the pockebdy interface. Because this configuration excludes the pocket piece from
the critical load path, it does not replicate the actual stress distribution in use and therefore tends to overestimat:
durability.

The dualclamping configuration, which partially constrained both layers in the upper jaw while gripping only the
body fabric in the lower jaw, generated the highest tear strength values and the largest variability. This method
resembles current industrial practicemrever, it fails to isolate the interface where failure typically initiates. The
measured forces represent a hybrid response influenced by fabric bending stiffness, friction between the pocket an
body layers and complex load redistribution across theayarstructure. As a result, de@dmping data often span

a wide range within the same fabric and washing condition, making it difficult to set meaningful acceptance criteria.

In contrast, the pocketnly configuration produced the lowest and most réalisar values. This approach closely
simulates the natural separation mechanism observed during consumer use, wherein the pocket layer detaches fra
the garment body under lateral, wditection loading. The dominance of pocketly loading in reproducpactual

failure behavior reinforces the inadequacy of wiaaged conventional methods such as ASTM D7506, which
overlook the critical role of wefdirection stresses in denim back pock&isThe consistency of pockenly results

across fabric and wastombinations further demonstrates that this configuration provides a robust and sensitive
measure of back pocket durability, capturing meaningful differences that are largely masked under alternative
clamping strategies.

Taken together, the results indieahat the combination of a standardized cutting template and a jpotkeveft
direction loading configuration offers a technically sound and practically applicable framework for evaluating back
pocket tear strength, while conventional methods systesfigtmisrepresent true durability by blending unrelated
structural responses.

4. CONCLUSION

This study introduced and validated a new tear strength test method specifically designed to capture the weft
direction failure mechanism of denim bgmickets which is a mode of rupture that is not adequately represented in
existing standards. By combining a standardized 10 x 10 cm cutting template with agrdgkelamping
configuration, the proposed method effectively isolated the localized stitbsthpaugh the bar tack region and
substantially reduced measurement variability relative to conventionalagesland bodynly approaches. The

high repeatability observed across fabrics and finishing treatments demonstrates that controlling specieten ge

is essential for reliable tear evaluation in denim garments.

Washing treatments exerted a pronounced influence on tear strength, with rinse washing producing the highes
resistance, enzyme washing yielding intermediate performance, and heavy weashilitigg in severe mechanical
deterioration. Across all fabrics, tear strengths converged toward a narrow range after heavy washing, indicating
that aggressive finishing can dominate -isé performance and diminish inherent material advantages.
Importartly, the pocketonly configuration consistently produced values that aligned with observed failure
behavior, in contrast to the elevated and highly variable results obtained from tietadyasihg method, which
measures a hybrid structural response urgeltt real wear conditions.

A critical durability threshold of approximately 100 N was identified for practical use. Fabrics falling at or below
this limit after heavy washing demonstrated high susceptibility to tear initiation during manual inspection,
suwggesting that this threshold provides a meaningful acceptance criterion for back pocket performance evaluation.
Because the proposed method accurately reflects functional stresses encountered during wearing, it enables mo
effective quality control, suppts process optimization in denim finishing, and provides actionable data for the
engineering of more durable pocket constructions.

Overall, the developed testing framework offers a reproducible, and industrially applicable alternative to existing
standard. Its ability to directly characterize the true failure mechanism positions it as a valuable tool for
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manufacturers seeking to enhance garment longevity, reduce claims and returns, and improve consumer satisfactic
through evidence based durability asseeyst
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ABSTRACT

This studyaimsto proposeadenimcollectiord commonlypresenin wardrobesith numerousolorsand

model variationd through a multifunctional and modular clothing concept from a dedigen

perspective, and to produce them byapphgngtainabléndustrialprocesses.|this context,thefirst part

of the study briefly discussesettiry and wet processes applied in denim production, their sustainability
impacts, andcharacteristics. Thecondpart examinesmodularand convertibleclothing design, which is

included in today's sustainable clothing trends and offers alternative loakstdnding the life of the

garment. The study's data were obtained from literaamadsemis t r uct ur ed i ntervi ews W
Companyds R&D, production, and design unit managerHt
in denimmanufacture. Based on this information, aunisex capsule denim collection&dlléedt y Ex p | or er
wasdesignedand produced,featuring9garments(as6 looks) with 27 different usage options. In this study,
sustainability was addressed in two separate contexigirdand production. The choices made during the
production stages and the EIM (Environmental Impact Measuring) sustainability reports generated during
production are presented along with the study results. In this context, the asatagefoot print per

garmentwas determined to be 0.19 kg CO2/garment, resulting in a total carbon footprint of 2.49 kg
CO2/garment. The total sustainability value per garment was determined to be an average of 32.18, and
based onthisratiat was concluded that the garmdwais a low environmental impact.

Keywords: SustainablePenim,Functional,Design.

INTRODUCTION

Todaybés one of the most popular gar ment, deni mds
industrial use (sails andovers)toappareloccurredinthe185@uring the San FranciscoGold Rush,
LeviStraussandJacobDavisrepurposaldurabledenimintotrouserstomeetthepracticalneeds of miners [1

2]. The global popularization of denim was driven by several key factors: itsyuseerican soldiers in

WWII, the influence of the hippie movement, and its adoption by Hollywood icons; Marilyn Monroe and
Marlon Brando [23]. This cultural shift transitioned denim fromworkwear to a fashion staple, eventually
entering the luxurymarkettbughdesignerslikeYvesSaint Laurentg§ Today, the industry continues to

evolve through diverse distressing techniques and styles that remain central to modern fashion [3].
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Denimwear manufacturing processes

Denimfinishinginvolvesacombinatiornof wetanddry processedesignedo enhanceéhef abr i c6s dur ab
create distinctive aging effects.

Denim finishing techniques, divided into wet and dry processes, are applieslgaaghg to createantage
appearance. Wet processes modify fabric texture, strength, and color [6]. This phase begins with desizing to
remove yarrdurability starches applied during weavingdJ{ thereby softening the fabric for subsequent
treatments [@®]. While stone wdsing utilizes pumice stones for mechanical abrasion to create a used look
despite equipment wear and environmental wast{81], enzyme washing degrades cellulose to remove
indigo [12]. Additionally, resin treatments provide durable, lustrous, or vetghKinishes [3L3], and
bleaching chemically lightens the fabric [14].

Conversely, dry processes physically scrape indigo to create localized wéhM@Bualsandingon
inflatablemannequinsensuresanauthenticagingeffectthatroboticalternativescannotrglBid&ie whereas
sandblasting achieves similar results but poses severe health risk®].[Finally, attrition is applied to
edges to mimic organic weatr, followed by a final wash to enhance theseabrasi@hs [9

Sustainableapproachesto denim production

Traditional wet and dry denim finishing processes pose severeenvironmentalandoccupationalhealth hazards,
notably generating wastewater sludge from stone washing and inducing silicosis through sandblasting [18].
To mitigate these impacteccfriendly alternatives like laser technology, ozone bleaching, and enzyme
washing have been developed [12, 18, 29]. Among these, laser technology utilizes concentrated light beams
as an innovative, sustainaldelution[1920], primarily deployedin the enim sector for fading and fraying

[21] to ecologically replicate traditional sanding or sandblasting effects [22]. By digitally transferring designs
via varying beam intensities, thistechnology ensures consistentpmuahsction results [6, 224] while
significantly reducing labor costs, processing time, and water consumption in asaferworkspace[21,25
28].Complementinghis, ozone bleaching lightens denim without hot water, saving up to 50% in electricity,
water, and detergents [1, 29]. Concurrently, ereyashing serves as a safe biochemical aging process that
degrades cotton's cellulose molecules for surface abrasion [12], utilizing specific enzymes like amylase,
cellulase, and laccase, while apiiling enzymes minimize sludge formation during purifioa [30].
Ultimately, modern R&D continues to advance these-\emter and waterless technologies to further
minimize the industry's environmental footprint [31].

Sustainability-focused desigmethods

Textile waste management is fundamentally address®ebistages: preonsumer waste, generated during
the production process from fiber to garment, and-possumer waste, which refers to household textile
products discarded by the consumer [32]. To minimizecpresumer waste, the "Zero Waste Design'ovisi
has emerged, focusing on three primary methods-waste pattern preparation, patchwork, and fabric
manipulation [33].

This methoddifferentiatesitself from traditional productionby integratingthe designand patterrmaking
stagesimultaneously. While conventional patterns often result in significant fabric scrap due to their curved
and angular forms, zemvaste patterns are typically designed in geometric shapes to utilize the entire plan
[34-35-36-37]. This method ensures thatwaste remains after the cutting process, requiring high technical
expertise from the designer to maintain both efficiencystytel

Patchwork and fabric manipulation methods offer additional creative solutions for waste reduction.
Patchworkinvolves modularly combining fabric scraps and repeajgmmetrianotifsto creatdarge surface
areas, effectively transforming small waste pieces into new desigi#@[38imilarly, fabric manipulation
enriches the textile surface through techniqueh sispleating,gathering,andapplique [38]. These methods
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all ow designers to incorporate production scraps d
texture while promoting sustainability.

Unisex clothing contributes to sustainability llyrring gender boundaries and focusing on design elements
like color, texture, and pattern that are suitable for both men and womdi][4This approach encourages

a "shared wardrobe" concept, which saves significant time and energy during botlighedegroduction
phases [42]. Rather than being merely genderless, unisex design prioritizesiggependent silhouettes,
offering aversatileandsustainablealternativeto traditional fast fashion.

Functional clothing represents amovative sustainable approach by transforming garments into a multi
functional experience for the user [36]. These desidtes featuremodularcomponent® such as zippers,
shaps, and buttonholeghat allow a single garment to take on multiple appeasaacéunctions [4314].

By providing variety and adaptability, functional clothing extends the product's lifecycle and reduces the
need for excessive consumption. This study utilizes both functional and unisex design philosophies in its
practical applicatin phase.

EXPERIMENTALSTUDY

DesignProcess

I n this study, a sustainabl e, denim capsule coll e
variousbody shapesdaily temperatureshifts, and multiple styling alternativedor urbanlife. Preliminary
interviews were conductedwithR&D,design,andbusinesgevelopmentdepartments regarding sustainable

approaches in thedesign, sewing, washing,andagingst e
A. k., a faci |l i ingbilith aertifidationg (suehaas BG), GRS, Sedex,tHiggg Index, and
ZDHC) . To objectively assess the environmental foo

Impact Measuring (EIM) software was utilized to calculate the carbon footpdrgemerate sustainability

reports for eachpiece[45]The EIM system categorizesindustrialimpactintothreezdnksw(Green),
Medium(Orange)andHigh (Redp across four critical categories: water consumption, energy consumption,
chemical usage, and worker hba{Table 1). Additionally, the scoring system differentiates between dry
processes (indicated by an orange panel and 'D") and wet processes (indicated by a blue panel and 'W"),
whilealso accounting for manual processes to measure impact on workers.

Low Impact Medium High Impact
Impact Category (Green) Impact (Red)
(Orange)
Water Consumption | 0— 35 35-80 35-80
Energy Consumption |[0-2.1 21-4.1 2.1-4.1
Chemical Usage 0-25 25-50 25-350
Worker Health 0-20 20-35 20-35

Table 1.EIM Scoredefinitionsandranges
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Model Description Model Description Model Description

A long denim trench coat featuring an asymmetric
zip closure, laser-etched pattern, and a belted waist
with buckle detail. Its removable jacket structure
allows it to transform into a dress. offering a functi-
onal and contemporary design.

A multifunctional denim design that can be worn as a
jacket, dress, or skirt. Its modular structure allows
the skirt component to transform into a bag. The
design reflects a contemporary approach focused on
versatility. transformability and sustainability.

A multifunctional denim piece that can be worn as a
trench coat or separated into a cropped jacket and a
long skirt. It features a double-breasted closure and
a transformable structure for versatile, contempo-
rary and functional styling options.
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system for transformable form. fit. and dynamic sil-
houette variation.

A multifunctional denim set featuring adjustab-
le-length pants and a reversible jacket. The pants
allow length variation through modular tie details.
while the jacket offers dual-sided use. The design
provides versatility with a transformable structure.

A denim set with a jacket and long skirt. The jacket
features a detachable, transformable collar for ver-
satile styling. The skirt has a clean, long silhouette
with a front button closure. The design combines
functionality with a contemporary denim aesthetic.
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Production Process

In the preproduction phase, digital patterns wdeyeloped using Gerber 12.0 software based on fabric
shrinkage and elasticity tests, which then guided the preparat@8amyfleRequesFormsand technical

Model Files. The automated marker plan was printed via a Gerber Plotter,fusedontofabric lagers usin
an industrial iron for precise cutting, and assembled in a specialized sewing machinery park. For
finishing, AdobePhotoshoplesignsveretransferredtdhe Jeanologial asersysterafeark software) as

a sustainable, edoiendly alternative tdaraditional distressing,within ten sities calibrated to fabric
thickness. This was integrated with an-etficient enzyme stone wash to minimize stone consumption
and sludge waste while preserving fabric integriye productioncycle concludedwith consecutive
rinsing, bleaching, neutralization for effect stabilization, hyextraction, and drying, utilizing
sustainable accessories such as recycled zippers and removable metal buttons.

Figure 10.Productionprocesses:smadicalepattern,Control PanelLaserSystem| aserDistress

RESULTS

The design phase of the study culminated in a functional, gmedéral denim collection initially
developed as 23 original sketchesmprisingll unisex(48%),9w o me n 6 s dn@391é)n (A 380)
garmentsd optimizepatternefficiency and resourceutilization.Following expertreviewswithEr oj | u
Giyim A. k., 9 specific pieces (4 wonm@médstncand 5
looks, achieving a threefold transformati@atethatyielded27 differentusagealternativesAccording to

the Environmental Impact Measuring (EIM) benchmaérkghich classify processes based on specific
thresholds for water, energy, chemicals, and worker gafitycollectiondemonstratetligh ecological
efficiency, resulting in a sustainability rate of 0.19 kgCO2e/garment and a total carbon footprint of 2.49
kgCO2e/garment. The collection is presented throughehlerated conceptual editorial visuals, which
place the functional denim designs within a kggleed urban narrative, bridging the digital innovation

and streetvear aesthetics together, shown inufeg13.
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Figurell: Collectionbreak out.
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Figure 12: Al-GeneratedConceptuaEditorial Visuals

CONCLUSION

This study develops a sustainable capsule wardrobe solution featuring adaptable, multifunctional garments
designed to counter overconsumption and maximize product lifecycles through a circular design strategy. By
holistically integrating ecological production, traditional denim craftsmanship, digital design, airt/éh

visual conceptualization, the research offers an innovative roadmap for the industry. Future research
directions include evaluating the lotgym wearperformance and user experienuethesefunctional
designsaswell ascombiningAl-supportedwvork flows with diverseraw materials to advance zenaste
objectives in denim manufacturing.
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ABSTRACT

The European Unionés Ecodesign for Sustainabl e F
Passport (DPP) mandate are compelling textile manufacturers to transition from generic secondary data to
facility-specific primary dat§l]. Within the indugty, this transition is often framed as a compliance cost
requiring heavy administrative burdens and significant Capital Expenditure (CapEx). Current literature
indicates that generic secondary data is fundamentally insufficient for accurate environssassinent,

as it merely provides approximate quantifications based on industry averages rather than reflecting the
specific dynamics and hidden inefficiencies of a given value d@&ifhis paper argues that significant
financial and environmental savigcan be achieved solely through data awareness, parameter
optimization, and behavioural changes without requiring new machinery investments. In light of sustainable
business model archetypes and current case studies, this research posits that theceabitify is not

merely a regulatory shield; it functions internally as a diagnostic tool that identifies hidden inefficiencies
and externally as a strategic asset that neutralizes greenwashing risks.

Keywords: Digital Product PassporfDPP), Ecodesign for Sustainable Products Regulation (ESPR), Life
Cycle Assessment (LCA)

INTRODUCTION

The transition of the global textile and apparel sector toward a circular economy is not a sudden regulatory
disruption, but rather the culmination ofsgstematic, decadeng legislative evolution. Building upon
foundational frameworks such as the 2009 Ecodesign Directive, the Product Environmental Footprint (PEF)
methodology introduced in 2013, and the 2020 Circular Economy Action Plan, the Europearham
progressively laid the groundwork for comprehensive supply chain transpatgn€izg pinnacleof this
regulatory progression is the Ecodesign for Sustainable Products Regulation (ESPR), which officially
entered into force in July 2024 [3]. As eohd legal framework, the ESPR mandates the implementation of

a Digital Product Passport (DPP) to digitally record a product's entire life cycle, yet it relies on the adoption
of targeted delegated acts to enforce specific operational measures [4]. Eoxttithesector, which is
heavily prioritized in the first working plan, these specific delegated acts dictating the exact data
requirements have not yet been published, providing a critical preparatory window for the industry [5].
Consequently, while abkde traceability has definitively become a fundamental prerequisite for entering
the European market, the industry is currently utilizing this interim period to establish the necessary data
infrastructure before the regulations take full effagt [

While the traditional perspective often views these regulations as a costly "compliance tax," particularly
for Small and Mediunsized Enterprises (SMES), recent research argues the exact opposite. Discussions in
the literature that began over a decade agoh as the EU COST Action 628, stated that life cycle

assessments (LCA) should not be used exclusively for external reporting, but must be actively utilized to
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identify inefficient "hotspots" in production [6]. Today, evidence shows that advanced tliacezin
significantly increase operational efficiency, potentially reduce material wasté BQ%5 and provide an
increase in net profit margins ranging from 3 to 7 percent [7].

This study proposes that the DPP is not merely a bureaucratic burdenath®r a powerful internal
diagnostic tool when evaluated within the framework of "Sustainable Business Model Archetypes" [8].
Empirical findings obtained from the Turkish textile sector demonstrate that the transition to primary data
tracking uncovers ilden production inefficiencies and generates financial savings without requiring
addtional machinery investmentdJltimately, the Digital Product Passport transforms environmental
responsibility from a passive regulatory obligation into an active, praénted business strategy.

METHODOLOGY

This study employs a qualitative research design to examine the operational and strategic impacts of Digital

Product Passport (DPP) regulations and primary data mandates on the textile value chain. In accordance
with the conference paper format, the research consists of two primary stages: the examination of empirical

project outcomes within a theoretical framework, followed by a comprehensive sectoral strategy analysis.

In the first stagethe study utilizedh dataet comprising field data and corporate reports from pioneering
sustainabilitydriven firms in the Tukish textile sectar To uphold ethical standards and commercial
confidentiality, the researchers coded these aamrd argeScale Integrated Manufacar" "Technology

Driven Leadng Supplier,” "Mediumarge Scale Garment Manufacturer," and "Global Fashion Brand."
The research compiled projects where firms utilized faesiggcific primary data (e.g., sensor, scale;real
time wastewater, and energy nred@ta) instead of generic secondary data to achieve multiradbtar
savings without requiring major capital expenditure (CapEXx). This list of empirical projects was classified
using the "Sustainable Business Model Archetypes" theory introduced bgrig8tkspecifically focusing

on the archetypes of "Maximizing Material and Energy Efficiency" and "Creating Value from Waste." This
classification aims to theoretically demonstrate that digital traceability is not merely a legal requirement
but a designdol for wastepreventing business models.

In the second stage, the project findings from the first phase were synthesized with the structural mandates
of the regulation to construct a comprehensive SWOT (Strengths, Weaknesses, Opportunities, Threats)
analysis tailored to the textile sector. While the DPP is often treated in the literature as a costly compliance
process, this study maps how it effectively remedies "operational blindness" in the light of empirical data.
This SWOT analysis identifies the bams facing the secfisuch as ERP integration challenges and the

risk of SME exclusion (Weaknesses and Thréatk)le objectively synthesizing the "internal diagnostics

and operational savings" capabilities (Strengths and Opportunities) observed irybedapijects.

RESULTS

The empirical findings from the examined textile manufacturers are systematically evaluated through the
theoretical framework of the "Sustainable Business Model Archety@edBy categorizing the field data

into specific archetypes, this section demaiss how the transition from generic secondary data to
facility-specific primary dafeas mandated by the forthcoming Digital Product Passport {Bire}ions

as a powerful internal diagnostic tool. To maintain commercial confidentiality while ensuringnscad
integrity, the investigated entities are classified by their supply chain roles.

1. Archetype 1: Maximizing Material and Energy Efficiency

According to "Sustainable Business Model Archetydeshework[8], this archetype focuses on doing

more withfewer resources, thereby generating less waste and emission. The empirical proxies reveal that
tracking primary data at the batch level allows manufacturers to identify invisible inefficiencies that are
typically masked by industrgverage datasets. Famstance,a Large-Scale Integrated Manufacturer
abandoned generic recipe estimations in their indigo and sulfur dyeing processes, opting instead to measure
machinespecific water consumption. This dataven diagnosis broke the "traditional recipe blindnes
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leading to new formulations that reduced water usage by 80% and generated an annual saving of
$6,000,000. In a separate initiative by the same manufacturer, the operational speeds of existing spinning
and weaving machines were measured and optimiziéutiany additional machinery investments. This
simple parameter adjustment yielded an annual electricity saving of 300,00q12NISimilarly, a
TechnologyDriven Leading Suppliereplaced generic quality control statistics with ft@le camera data

ontheir knitting machines. By diagnosing production errors at the source rather than at the end of the line,
the facility prevented 33 tons of fabric waste and 3.7 million liters of water waste, resulting in direct savings
of $199,979. Further downstred#rB], a Global Fashion Brandtilized realtime meter data to track power
consumption in its retail stores, moving beyond generic estimates to achieve operational energy savings of
up to 3.9 million TL per montfL4].

2. Archetype 2: Creating Value from Wasge and Substituting with Natural Processes

This archetype aims to eliminate the concept of waste by turning existing waste streams into useful inputs
and replacing finite or harmful resources with benign alternatives. The transition to granutatldetan

provides the mathematical foundation necessary to execute these compldar citcategies. A
Medium/LargeScaleGarmentManufacturer ceased using generic waste percentage calculatidregand
measuring fabric scrap directly on the factogofi using scales integrated with their ERP system. This
precise primary data enabled the company to reclassify 225 tons of cotton scraps from general waste to
valuable raw materials, successfully reintegrating them into a elospcproduction cycl§l5].

In the realm of substituting harmful chemicals, a Laggale Integrated Manufacturer diagnosed its
wastewater treatment processes by measuring chemical dosage per meter of fabric. The primary data
revealed that 2.91 kg of sulfuric acid could be effedyiveplaced by just 0.060 kg of environmentally
benign carbon dioxide, an intervention that generated $750,000 in net savings ovwega pieriod12].
Additionally, another Integrated Denim Manufacturer measured the exact heat values (150°C) of exhaus
gas emitted from stenter machines. By quantifying this previously ignored thermal data, the facility installed
a heat recovery system that saved 1.4 million kWh of natural gas annually, amortizing its initial installation
cost in just 1.15 yeaf46]. Finally, a Global Fashion Brand adopted a stewardship role by collecting real
time water and chemical usage data from 176 of itssapppliers. This unprecedented level of supply chain
visibility allowed the brand to precisely diagnose dyeing requiremeait@\véng up to a 30% reduction in
water consumptiofiL4].

Table 1.Empirical Outcomes of Primary Data Utilization within the Framework of Sustainable Business
Model Archetypes

Manufacturer Project / Initiative Sustainable Primary Data & Diagnostic Operational & Financial Gains  Impact
(Coded Name) Business Model Application (Correction Effect) ratio
Archetype

Large-Scale WaterSaving  IndigcMaximizing Machinebased specific wat80% water reduction at the sout

Integrated and Sulfur DyeiniMaterial ancconsumption measurement insteacgenerating $6,000,000in annual ne

Manufacturer (Slasher) Energy Efficiencyrelying on generic dyeing recipes. financial savings.

Large-Scale CO2 Usage fcSubstituting  wittMeasuring chemical dosage per mReplaced 2.91 kg of sulfuric acid w

Integrated Wastewater pINatural Processeof fabric to diagnose environmeronly 0.060 kg of environmental

Manufacturer Neutralization toxicity and cost inefficiencies. benign CO2$750,000net savings ove

6 years.

Large-Scale REEMAIN (Resourc Maximizing Realtime data optimization of existit300,000 kWhannual electricity saving

Integrated and Energy EfficierMaterial an(spinning and weaving machine spachieved without any new machin

Manufacturer Manufacturing) Energy Efficiencyparameters. investments (Zero CapEx).

Large-Scale VAP Insulation anMaximizing Measuring specific heat losses 2,600,000 kWhheat and 58,000 si

Integrated LED Conversion Material andnternal steam valves and drynatural gas savings via insulation; g

Manufacturer Energy Efficiencycylinders alongside lighting loads. 2,200,000 kWh savings via LEL

conversion.

TechnologyDriven Smartex AiSupporteiMaximizing Realtime camera and sensor dataPrevented 33 tons of fabric waste

Leading Supplier  Quality Contol SystemMaterial ancknitting machines for sourdease(3.7 million liters of water wast
Energy Efficiencyquality control, replacing standeyielding $199,979in direct savings

error percentages. the source.

Technology-Driven Wastewater RecoveAdopting ¢Realttime tracking of the burly anc65% of the daily dyehouse wai

Leading Supplier  Plant Stewardship Roldaily water requirements of trequirement met by recovered we
(Circularity) dyehouse to design clos&ubp (48,366 m3 recovered during the-day

processes. pilot).
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Technology-Driven Raising Machine arMaximizing Analysis of specific machine stoppePrevented fabric waste and emissi
Leading Supplier  Broken Needle Kaizer Material anand breakdown data integrated vgenerated773,914 TL total financia
Energy Efficiencyemployee feedback. gain in 2023.
Medium/Large ScaleSecond Life MovemerCreating  ValulPhysical measurement of fabric scr225 tonsof textile scraps moved fron
Garment from Waste by color and fabric type via scales i"waste" status and successfi
Manufacturer ERP integration, rather than usreintegrated into closeldop productiol
generic waste assumptions. as valuable raw materials.
Integrated  DenimElectrostatic FilteCreating  ValuFacility-specific measurement of 1.4 million kWh annual natural g:
Manufacturer System (EFS) and Hefrom Waste thermal values of exhaust gas (15Csavings; the system amortized its ini
Recovery emitted from stenter machines. investment cost in just 1.15 years.
Global FashionLowscore Program  Adopting eCollection of realtime water anDiagnosed specific dyeing requireme
Brand Stewardship Rolechemical usage data from 176 sacross the fragmented supply ch
suppliers to overcome supply chachieving up to a0% reduction ir
blindness. water consumption.
Global FashionNaturally Colore(Substituting wittTracking primary agricultural data {Eliminated the dyeing  proce
Brand Cotton & Rpet Natural Processenaturally colored (undyed) cottcompletely for specific batche
produced from ancestral seeds.  resulthg in a 30% savings in wate
footprint.
Global FashionKNX Automation Maximizing Realtime energy meter data track Exceeded generic estimateshieving
Brand Material ancfrom retail stores instead of relying up to 3.9 million TL in monthly

Energy Efficiencygeneric consumption estimates.  operational energy savings.

3. Strategic Evaluation: SWOT Analysis of the Digital Product Passport (DPP)

When the empirical findings are synthesized with the broader regulatory frameworkemfoithesign for
Sustainable Products Regulation (ESPR) and recent literature on supply chain traceability, a comprehensive
strategic profile of the DPP emerges for the textile sector:

Strengths:

EvidenceBased Transparency & Diagnostic PowerThe DPP effectiely neutralizes greenwashing by
replacing opaque generic claims with verifiable, baéstel primary dat§9]. Beyond external reporting, it
functions as a powerful internal diagnostic dashboard that pinpoints invisible resource leakages (e.g., water,
enagy, chemicals), possessing the empirical potential to increase industry net profit margins by 3 to 7
perceni7].

Enabling the Circular Economy: By providing precise, accessible information on fiber composition and
chemical usage, the DPP significantly enhances the efficiency of downstream sorting antbixttie
recycling operations, acting as the "golden thread" for circularity.

Weaknesss:

High Integration Costs & Low Digitalization: The transition from secondary to primary data requires
substantial initial investments in digital infrastructure, sensors, and complex ERP synchronization. This is
particularly challenging in a sector histally characterized by a low level of digitalization and manual
processeglO].

Data Privacy and Confidentiality Concerns:Manufacturers express severe and valid concerns regarding
the mandatory sharing of proprietary dyeing recipes, chemical formulaéindszomplex subcontractor
networks, fearing the loss of intellectual property and competitive advdifage

Supply Chain Complexity: The highly fragmented nature of the textile supply cihgpanning across
multiple global tiers (Tier 1 to #¥reates stretural barriers, such as language differences, varying
technological capacities, and a lack of harmonized data starjdiafds

Opportunities:

New Circular Business ModelsThe standardized data architecture of the DPP will unlock and optimize
novel busines opportunities, such as "product as a service" models, seemudmarketplaces, repair
services, and Extended Producer Responsibility (EPR)da&le schemei®].
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First-Mover Advantage: Early adopters who proactively integrate traceability systems dilméngurrent
preparatory window can secure a significant competitive edge, improved brand resilience, and premium
market positioning among sustainabiignscious consumers and major global retajlgrs

Threats:

Risk of Market Exclusion for SMEs: The mat critical threat is the potential exclusion of Small and
Medium Sized Enterprises (SMEs). SMEs, which constitute more than half of the textile supply chain, may
lack the financial capital and technical expertise required to establish primary dataocottfesathanisms,
risking complete exclusion from the European majket

Regulatory Uncertainty: Although the ESPR is in force, the specifielegated actsutlining the exact
DPP data requirements for textiles have not yet been published. This regulatory ambiguity causes hesitation
among companies regarding early technology investnjdhts

Unfair Competition: There is a persistent risk of an uneven playielgl if products manufactured outside
the European Union are not subjected to the same rigorous primary data verification and customs
enforcement mechanisms as domestic prodagts [

CONCLUSION

The Digital Product Passport (DPP) is not merely a buratiooccompliance obligation for the textile
industry; it is a strategic internal diagnostic tool that transforms environmental transparency into a
proactive, measurable, and pradiiented business strategy. Long before the DPP was established as a legal
mandate by the European Union, pioneering manufacturers in the sector were already utilizing facility
specific primary data to conduct more accurate Life Cycle Assessments (LCA) and unlock significant
operational cost savings. With the introduction of tledesign for Sustainable Products Regulation
(ESPR), this datdriven approactinas captured the attention of the broader industry and evolved into a
mainstream standard.

As the mandatory collection of granular, batetel primary data expands across-sohtractors in the

global supply chain, the industry's heightened data awareness will inevitably reveal a multitude of new
financial and environmental savings opportunities. Crucially, theseddatn optimizations will no longer

be confined to the manufuring shogfloor. With access to precise and traceable data, the focus of
optimization will shift upstream to the initial product design and production planning phagiasl
transitiongiven that up to 80% of a product's entire lifecycle environméntzdct is determined during its
design phasg17]

Ultimately, this enforced transparency will eliminate information asymmetry, empowering brands to fully
diagnose hidden inefficiencies and risks within their highly fragmented production networks. The
impending risk of market exclusidstemming from reliance on suppliers in distant geographies whose data
cannot be accurately measured, tracked, or verifiddforce a structural reorganization of the sector.
Consequently, itis highly foreseeable that thgespread implementation of the DPP will steer the industry
away from opaque supply networks, catalyzing a strategic shift toward more localizesh(orag), data
transparent, resilient, and sustainable business decisions.
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ABSTRACT

Growingenvironmental sustainability concerns in the textile industry have accelerated the transition toward
circular production systems, particularly through mechanical recycling of dodieed textiles. Although
recycled cotton offers significant sustainabilitgvantages, mechanical recycling processes result in fiber
degradation, including fiber shortening, increased short fiber content, and nep formation. These structural
alterations directly affect spinning performance and final product quality.

This studyaims to provide a comprehensive fidevel characterization of recycled cotton fibers obtained
from knitted and denim fabrics, considering both@pasumer and poesbnsumer waste streams. Recycled
cotton samples were evaluated using the Advanced IRilsemation System (AFIS). Key fiber parameters,
including total nep count, numbeareighted mean fiber length (L(n)), and short fiber content (SFC(n)),
were statistically analyzed.

The results indicate that pesbtnsumer recycled fibers exhibit signifitgnshorter mean fiber length and
higher short fiber content compared to-pomsumer fibers. Denirderived fibers exhibit more pronounced
degradation characteristics than karived fibers, reflecting the combined effects of fabric structure and
endusehistory.

The findings are consistent with existing literature on mechanical cotton recycling and confirm that
feedstock identity is a critical determinant of recycled fiber quality. This study contributes to the
establishment of realistic quality benchkeafor mechanically recycled cotton and facilitates improved
industrial quality control strategies.

Keywords: AFIS analysis, mechanical recycling, nep formati@tycled cotton, short fiber content

1. INTRODUCTION

The textile and fashioimndustry is among the most resouingensive industrial sectors, generating
significant amounts of postdustrial and postonsumer waste [1]. Increasing environmental concerns,
regulatory pressures, and sustainability commitments have acceleratednigotr toward circular
economy models, particularly textite-textile recycling systems [2]. In this context, cotton has become a
key focus material due to its widespread use and suitability for recovery through mechanical recycling
processes. Mechanicgcycling is widely adopted because of its technical feasibility -effsttiveness,

and relatively lower environmental impact compared to chemical recycling methods [3].

Despite these advantages, mechanical recycling introduces critical qualityidinsitaThe repeated
opening, tearing, and fiber separation processes lead to substantial fiber damage, including fiber shortening,
increased short fiber content, and nep formation [4]. Previous studies have consistently reported that
mechanically recycledatton fibers exhibit inferior fiber characteristics compared to virgin cotton, which
directly affects spinning performance, yarn irregularity, and mechanical properfigsTjzese structural

64


mailto:kubra.baykan@sanko.com.tr

INTERANATIONAL

International Textile & Fashion Congress

filnnovate , I ntegrate, I nspire: The Future of ITFC

28-29 April 2026, Istanbul, Turkey

NOIHSVS ¥ FWLXRL

CONOGRESS

changes are therefore considered the main limiting factotBdaffective utilization of recycled cotton in
textile production [8L2).

A major challenge in recycled cotton systems is the variability of feedstock materials. Recycled textiles are
generally categorized as prtensumer (industrial waste generated dypnoduction) and postonsumer

(used garments collected after consumer use)cérsumer wastes are typically more homogeneous and
less degraded, whereas poshsumer wastes exhibit higher variability due to wear, laundering cycles,
contamination, andrishing treatments [6,9]. As a result, fibers obtained from-possumer sources tend

to exhibit more severe degradation and reduced processability.

In addition to waste origin, fabric structure plays a crucial role in determining recycling behavitedKni
fabrics, characterized by looped structures and relatively lower yarn twist, may respond differently to
mechanical recycling compared to denim fabrics, which have dense woven structures, higher yarn twist,
and compact construction [10]. These strualtdifferences influence fiber fragmentation mechanisms and
result in distinct fiber degradation patterns. In particular, dédvdsed wastes have been reported to exhibit
more severe fiber breakage due to their structural rigidity and resistance duringninakprocessing
[16,17].

To evaluate recycled fiber quality, fibkavel characterization techniques are essential. The Advanced Fiber
Information System (AFIS) provides detailed measurements of fiber length distribution, short fiber content,
and nep cont, making it a widely used tool in cotton research and industrial quality control [11]. Recent
studies and technical reports emphasize that AFIS parameters, particularly fiber length, short fiber content,
and neps, are critical indicators for assessimgg frocessability of mechanically recycled cotton fibers
[13,15].

Although numerous studies have investigated recycled cotton performance at yarn and fabric levels,
comprehensive fibeevel evaluations that simultaneously consider fabric type and wagte mmain

limited. In particular, comparative analysis of recycled fibers derived from knitted and denim fabrics,
considering both preonsumer and posbnsumer streams, has not been sufficiently addressed in the
literature.

Therefore, this study aimse ttharacterize recycled cotton fibers derived from knitted and denim fabrics
using AFIS analysis, to compare grensumer and posbnsumer waste streams, and to evaluate the
obtained results within the framework of existing mechanical recycling literature

2. EXPERIMENTAL STUDY

Recycled cotton fibers used in this study were obtained from mechanically processed textile wastes. The
materials consisted exclusively of 100% cotton fabrics and were categorized into four groopespraer

knitted fabrics, postonsumer knitted fabrics, preonsumer denim fabrics, and pasinsumer denim
fabrics. Mechanical recycling was carried out under industrial conditions involving opening and fiber
separation stages. No chemical treatment was applied during the recycliegspgroorder to preserve the
physical characteristics of the fibers.

Fiber characterization was performed using USTER AFIS Pro 2. The analysis focused on key fiber
parameters used to evaluate recycled cotton quality, including total nep momterbased mean fiber

length (L(n)), and numberased short fiber content (SFC(n)). Each sample was measured five times under
controlled laboratory conditions, and the average values obtained from these repeated measurements were
used for further evaluimin. These parameters provide critical insights into fiber damage, fragmentation
behavior, and processability.

For clarity and ease of interpretation, abbreviations were used to represent different recycled fiber groups,
as presented in Table
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Table 1.Abbreviations and descriptions of recycled cotton fiber sample groups

ABBREVIATION DESCRIPTION
PrRE-K Preconsumer knitted fabric
PosT-K Postconsumer knitted fabric
PrRE-D Preconsumer denim fabric
PosT-D Postconsumer denim fabric

3. RESULTS

3.1 Descriptive Statistics

Descriptive statistics of AFIS parameters are presented in Table earigebased evaluation reveals clear
differences among recycled fiber groups in terms of nep count, fiber length, and short fiber content.

Table 2.Range distribution of AFIS parameters for recycled cotton fibers

NEP L(N) RANGE SFC(N) RANGE
GRouP RANGE (Mm) (%)
PRE-K | 8007 138 1007 14.0 4257 630
PosT-K | 8607 1130 751 85 73071 800
PRE-D 5007 685 9.51 12,5 54071 705
PosT-D | 4007 465 7071 9.0 72071 845

Preconsumer knitted samples exhibited the widest reme, indicating higher variability in fiber
entanglement. In contrast, paginsumer denim samples showed the lowest nep values, suggesting that
different degradation mechanisms dominate depending on fabric structure and recycling conditions.

Fiber lengh differences between pomnsumer and pesbnsumer groups were pronounced-&yesumer
samples exhibited L(n) values approximatély 2Jnm higher than postonsumer samples, indicating lower
structural damage prior to recycling. Conversely, wostsumeffibers showed consistently reduced L(n)
values due to cumulative effects of wear, laundering, and mechanical processing [6].

Short fiber content increased significantly in poshsumer groups. In particular, p@sinsumer denim

fibers exhibitedSFC(n) values exceeding 70%, indicating severe fiber fragmentation. These findings are
consistent with previous studies reporting increased short fiber fractions in mechanically recycled cotton
materials [4,7].

3.2 Fiber Length and Short Fiber Content

Fiber length reduction is one of the most critical consequences of mechanical recycling. The combined
effect of usegphase fatigue and repeated mechanical processing leads to progressive fiber breakage, which
is more pronounced in pesbnsumer materials.

Postconsumer fibers exhibited a narrower and lower L(n) distribution compared-tmpseimer samples,
indicating a more uniform but degraded fiber structure. In contrastgm&umer fibers retained a wider
distribution, reflecting less severe mechanical damBmure 1 presents the comparison of mean fiber
length values across recycled fiber groups.
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Figure 1. Comparison of mean fiber length (L(n)) for recycled cotton fibers
As shown in Figure 1, both pesbnsumer groups exhibitesignificantly reduced fiber length values
compared to their preonsumer counterparts.
Short fiber content SFC(n)
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Figure 2. Comparison of short fiber content (SFC(n)) for recycled cotton fibers

As illustrated in Figure 2, posonsumer fibers showed an increase in short fibetecd of approximately
20 30%.

Postconsumer fibers exhibited a narrow and consistently lower L(n) range comparedcnguener

samples, indicating a more uniform but degraded fiber structure. In contrasgnstemer fibers showed
a wider distributionsuggesting less severe and more variable mechanical impact.

Short fiber content results further support this observation-d@ostumer samples, particularly denim
derived fibers, exhibited significantly higher SFC(n) ranges. This can be attributeel derike fabric
structure and higher yarn twist of denim fabrics, which increase resistance during mechanical opening and
result in more intensive fiber fragmentation.

The elevated short fiber content observed in these groups is critically importantCéay &Fwidely
recognized as a primary factor limiting the spinnability and processing performance of recycled cotton
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fibers [7,8]. These changes are expected to negatively influence spinning performance by reducing drafting
stability, increasing yarn unewness, and decreasing tensile strength.

3.3 Nep Formation and Overall Evaluation

Nep formation exhibited a strong dependency on both fabric structure and waste origin. Mechanical
recycling processes promote fiber entanglement and cluster forma@otcularly under repeated
mechanical stress conditions [5].

Nep count
1600 1385
1400
1000 800 860
800 685
500
600 200 465
400
0
Pre-K Post-K Pre-D Post-D

B Nep Range min = Nep Range max

Figure 3. Distribution of nep count across recycled fiber groups

Interestingly, although denktderived samples exhibited relatively lower nep values compared to knitted
samples, they demomated more severe fiber shortening and higher short fiber content. This indicates that
different degradation mechanisms are dominant depending on fabric structure. While knitted fabrics tend
to generate higher nep levels due to their looped structurdkandriobility, denim fabrics exhibit more
intensive fiber breakage due to their compact woven structure [10].

Overall, the results clearly demonstrate that recycled cotton fibers cannot be treated as a uniform raw
material. Instead, their properties ateosgly influenced by both waste origin and fabric type. Post
consumer streams exhibited more severe degradation, supporting previous findings that highlight reduced
processability and spinnability of pesbnsumer cotton recyclates [6,9].

Shortfiber content emerges as the most critical parameter governing recycled fiber performance. The high
SFC(n) ranges observed in this study suggest that blending strategies, process optimization, or controlled
recycling conditions may be required to ensuablst spinning performance.

The combined evaluation of nep count, fiber length, and short fiber content provides a comprehensive
understanding of fiber degradation mechanisms. Therefore, -B&38d multparameter analysis is
recommended as a reliable gdctical approach for industrial monitoring and quality control of recycled
cotton fibers [11].

To provide a clearer comparison of degradation behavior, a qualitative classification of fiber properties is
presented in Table 3.
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Table 3. Relative degadation severity of recycled cotton fibers

FIBER NEP OVERALL
GRouP LENGTH SFC) LEVEL DEGRADATION
PRE-K High Medium High Medium
PosT-K Low High Medium High
PrRE-D Medium  Mediuni High Low Medium
PosT-D Low Very High Low Very High

4. CONCLUSION

This study presented a detailed characterization of recycled cotton fibers obtained from knitted and denim
fabrics using AFIS analysis, considering both-ppasumer and poesbnsumer waste streams. The results
demonstrate that fiber propertiage strongly influenced by both fabric structure and usage hiftosy.
consumer fibers exhibited higher fiber length and lower short fiber content compared-tormsner

fibers, indicating lower structural damage prior to recycling. In contrast;cpasumer fibers showed
reduced L(n) values and elevated SFC(n) levels, reflecting cumulative degradation caused by wear,
laundering, and repeated mechanical processing.

Clear differences were also observed between knitted and -diemived fibers. Knittedabrics showed
higher nep variability, whereas denuterived fibers exhibited more severe fiber fragmentation, resulting

in shorter fiber length and higher short fiber content. These findings confirm that different degradation
mechanisms dominate dependorgfabric structureAmong the evaluated parameters, short fiber content
was identified as the most critical factor affecting recycled fiber quality and processability. High SFC(n)
levels, particularly in postonsumer groups, are expected to negativdlyénce spinning performance by
reducing drafting stability and increasing yarn irregularity.

Overall, the results indicate that recycled cotton cannot be treated as a homogeneous raw material and must
be evaluated based on feedstock origin and fabpe. thFISbased multparameter analysis provides a
practical and reliable approach for industrial monitoring and quality assessment of recycled cotton fibers.
Future studies should focus on defining threshold values for acceptable fiber quality anshésgadiiliect
correlations between AFIS parameters and yarn performance in recycled fiber systems.

This study contributes to bridging the gap between academic research and industrial applications in recycled
fiber characterization.
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ABSTRACT

Lyocell fibers are widely used in textile applications due to their uniform morphology andsestailline
polymer structure. However, structural variations may occur during their transformatidutimeforms,

and these variations may depend on thenisic properties of the raw material. This study investigates the
microstructural characteristics of two different lyocell materials adcldgrent stateswith a focuson
filament morphology and crystallinity.

Two lyocell knitted fabricswere analyzeé in theiruntreatedabric and dyed fabritorms Filaments were
extracted and analyzed using scanning electron microscopy (SEM) at 1000x, 2500x, and 5000x
magnifications to evaluate cresectional morphology. Filament diameters were measured from high
magnification images to quantify dimensional consistency. Crystalline structure was investigated using X
ray diffraction (XRD) to determine crystallinity levels in each state. The comparison focused on identifying
structural variation between materials aatoss textile forms.

SEM observations confirmed that both lyocell materials preserved their characteristic circular cross
sections across textile states, with minor variations in surface definition and diameter distibatioeter
measurements indiead that one group showed slightly finer and more uniform fibers (30.Z um),

while the other exhibited larger and more variable diameters (FI2)2 um).Differences between the

two lyocell groups were more pronounced than differences between teatéds, ssuggesting material
dependent structural behaviRD results revealed that crystallinity varied among both materials and
textile states. While filament samples exhibited similar crystallinity values (32% and 33.6%), different
trends were observedter textile processing. One fabric group showed a decrease in crystallinity (26.9%),
whereas the other exhibited the highest crystallinity (34.3%), indicating a malephdent structural
response to textile conversion.

The combined SEMXRD analysisdlemonstrates that filament microstructure remains largely stable during
textile conversion, while crystallinity variations reflect intrinsic material differences. The findings highlight
the importance of raw material selection in determining structuraviiehof lyoceltbased textiles. The
results contribute to a deeper understanding of striigitoeessing relationships in filamepased fabrics

and offer insight for optimizing finishing treatments to maintain structural integrity.

Keywords: crystallinity, fiber morphology, filament microstructure, Lyocell fibers

1. INTRODUCTION

The global textile industry is currently navigating a significant strategic transition toward sustainable man
made cellulosic fiberd yocell technology entged as the definitive response to this supply deficit and the
inherent environmental liabilities of the traditional viscose protgsxell fibers are regenerated cellulose
fibers widely used in textile applications due to their uniform morphologyjwelahigh crystallinity, and
environmentally sustainable production procdssilso provides the thermphysiological comfort and
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biodegradability of natural fibers alongside the high resistance, low contraction, and technical durability
typically belongingto synthetic chemical fibers. This unique position makes Lyocell indispensable for
modern applications, transitioning from hifgshion apparel to industrial technical textil€beir semi
crystalline structure plays a key role in determining their mechanical and physical perfofbpaRoethis
reason, understanding the relationship between fiber structure and textile processasgntial for
optimizing material performance.

During the conversion of filaments into textile forms such as knitted and dyed fabrics, structural changes
may occur at both the morphological and molecular levels. Previous studies have shamysthisinity
variations can significantly influence the behavior of celltoased fibers; however, these changes are not
always consistent and may depend on the intrinsic properties of the raw nfiaig}ial

In this context, the present study aims emnparatively investigate the microstructural characteristics of
two different lyocell materials, focusing on both filament morphology and crystallifiitg. aim is to
determine whether observed structural variations are primarily driven by processintionsndi by
intrinsic material characteristics.

2. EXPERIMENTAL STUDY

Two different lyocell materials manufactured from different raw materials were investigated. Each material
was analyzed in raw knitted fabric and dyed knitted falS@enple codes and expktions are given below
at Table 1.

Filament samples were examined using scanning electron microscopy (SEM) at magnifications of 1000x,
2500x%, and 5000»All samples were coated with an Au/Pd layer prior to imag@rgsssectional images

were used to eWaate fiber morphology and to measure filament diametenayXdiffraction (XRD)

analysis was conducted to determine the crystallinity and amorphous content of all samples. Measurements
were perfor med i78°withta8rukerdAKSDS8 Advdre diffidictometdr (42 kV, 30 mA,

CuKa radiation, 1.540 A?)

Table 1.Sample codes.

SamMPLE CODE EXPLANATION
U-1 Untreated Type 1
U-2 Untreated Type 2
D-1 Treated & Dyed Type 1
D-2 Treated & Dyed Type 2

3. RESULTS
Crystallinity and amorphous ratios obtained from the XRD analysis is given at Table 2 below.

Table 2. XRD results.

CRYSTAL (%) AMORPHOUS (%)
U-1 32 68
U-2 33,6 66,4
D-1 26,9 73,1
D-2 34,3 65,1

XRD analysis revealed that the crystallinity values of the samples varied within a relatively narrow but
meaningful range, indicating differences in molecular ordering among the lyocell groups and textile states.
While U-1 andU-2 exhibited similar crysthhity values of 32% and 33.6%, respectively, the transition to
treated and dyefabric form resulted in different structural respong®d. showed the lowest crystallinity
(26.9%) and the highest amorphous fraction (73.1%), suggesting a reduction & oedgons. In contrast,
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D-2 exhibited the highest crystallinity value (34.3%), indicating a comparatively more preserved or
enhanced structural order

XRD diffractograms are also given below at Figurd d.better evaluate the effect of textile procegsin
XRD patterns were compared within each material group by pairing untreated and dyed samples.
Additionally, comparisons between the two material groups were perforrpealide a secondary insight.

—U-1 —U-l

u2 D-1

Intensity (au.)
Intensity (a.u.)

5,00 10,00 15,00 20,00 25,00 30,00 35,00 4000 500 10,00 15,00 20,00 25,00 30,00 35,00 40,00
2-THETA (deg.) 2-THETA (deg.)

—Uu2
D2

—_—D-1
D2

Intensity (a.u.)
Intensity (a.u.)

500 10,00 15,00 20,00 25,00 30,00 35,00 4000 500 10,00 15,00 20,00 25,00 30,00 35,00 40,00
2-THETA (deg.) 2-THETA (deg.)

Figure 1. XRD Diffractograms.

The XRDdiffractograms of all sampleshow thesame general regenerategllulose pattern, with the main
reflections concentrated roughly arouri13°and20i2 2 A ( 2d) . I n t hoelluldsey oc el |
literature, those peaks are commonly associated vaéiudose Il structure, which is exactly what would

be expected for lyocell rather than native cellulose |. Reported lyocell/cellulose Il reflections are typically
found nearl2°, 20 20.6°, and about 24°% 22° [4]. In the grapls, thecellulose Il signature ggears to be

retained in all sampleghus it can be commented thihe main structural change is in tiedative degree

of order/disorderThe variation in peak intensity and sharpness indicates differences in the degree of
molecular ordering among the sples. This also correlatewith the crystallinity resultsgiven in Table 2.

The lower peak intensity observed irl0s consistent with its reduced crystallinity, while the sharper and

more pronounced peaks inDindicate a higher degree of crystallinder

The decrease in crystallinity, particularly in tbel sample, indicates that this group exhibits a more
sensitive structural response to knitting and/or jgsing processes. In contrast, the fact thatDke
sample has the highest crystallinity value at 34.3% suggests that the second lyocell grotgtdiatéts
crystalline order after being converted into textile form or develops a more regular molecular organization
after processinglhese findings suggest that the structural evolution of lyocell during textile conversion is
both rawmateriatdependat and treatmentlependentather than uniform for all group$his findingis
consistent with prior studies showing that regenerated cellulose fibers may ucigsigtinity changes
without losing the cellulose II character, depending on treatment taorg]i rawmaterial source, and
physicalform [5].

SEM images obtained from the extracted lyocell filaments (pulp state) from samfilentl U2 are
presented in Figure 2.
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Figure 2. SEM imagef lyocell filaments in pulp form.

SEM observations of the raw lyocell filaments showed generally regular and compaesectossal
geometries, with no severe deformation or collapse. Diameter measurements further indicalet that
fibers were slightly finer and more uniform, with measlvalues around 9.70.2 um(with an average of
9.93um), whereadJ-2 fibers showed a somewhat larger diameter range of 1.2 um(with an average

of 11.15um). Accordingly, U2 fibers can be characterized as slightly coarser with a broader diameter
distribution compared to . Although the morphological differences were limited, the slightly coarser
and moreheterogeneoustructure ofU-2 suggests that the two lyocell groups possess distinct initial
filament characteristics, primarily governed by ravaterial properties.Since the SEM analysis was
performed on filaments extracted from the fabric in their flilsp state, the results reflect the intrinsic
filament morphology rather than fabflievel structural effectsiVhen considered together with tK&D
findings, the SEM resultsupport the notiothat the observed structural differentetween the samples
arepredominantly influencetly inherent material characteristics rather than solely by textile processing.

4. CONCLUSION

This studyhas studiedvto types of Lyocell materials in their untreated fabric and treated & dyed fabric
statesOverall, the combined SEM and XRD findings indicate that the filament-seagBnal morphology

of lyocell filaments remains stable during textile processivitereas therystallinity valuesshav more
pronouncedvariation among the sampledepending on both material type and processing siHye.
diffractograms revealed that all samples preserved the characteristic cellulose 1l pattern of lyocell, with the
mainr ef |l ecti ons remaining in the expect élaveverd r egi
variations in peak intensity and sharpness were observed among the samples, indicating differences in
crystalline order rather than a change in crystal struclire results highlight that structural changes in
lyocell-based textiles are not solely procesiven but are strongly influenced by the intrinsic properties of

the raw materialSEM observations performed on filaments extracted in theirljdistatefurther support

that the observed morphological characteristics reflect intrinsic filament properties rather thalev¥abric
effects. This suggests that internal molecular organization is more sensitive than apparent filament
geometry in distinguishingreictural differences between lyocell groups and textile st@@ssequently,
crystallinity emerges as a more discriminating parameter compared to morphological f€ateral, the

study provides valuable insight for optimizing material selection amxkgsing conditions in lyocdflased

textile applications.

74



INTERANATIONAL

International Textile & Fashion Congress

filnnovate , I ntegrate, I nspire: The Future of ITFC

28-29 April 2026, Istanbul, Turkey

NOIHSVS ¥ FWLXRL

CONGRESS

Future work could expand this study by incorporating detailed analysis of-fabeicmorphology and
evaluating the influence of processing parameters such as knitting and dyeing conditithesmeue,
correlating crystallinity changes with mechanical or functional properties would provide deeper insight into
structuré property relationships in lyocellased materials.
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ABSTRACT

This study presents applicativased research examining the impact of digital technologies on
contemporary fashion design within the context of conceptual costume design. Specifically, taganteg

of wearable technologies, 3D printing, and digital production methods transform clothing from passive
objects into active and interactive systems. The research employs an applieagdnmethodology,
employing an iterative design process enconipgssoncept development, sketching, digital modeling,
material experimentation, prototyping, and final production. Transparent textiles such as tulle and organza
are combined with metal structures and@ihted components to emphasize the contrast betiragility

and strength. The integration of LED and fiber optic systems adds a dynamic and performative dimension
to the garments. The results are presented through a collection of five looks representing the transformation
of the female body from oppreesito liberation. The first two looks represent fear, silence, and restraint,
while the third looks question trauma and exposure. The fourth aspect represents resistance and rebirth,
while the final aspect signifies cosmic freedom and the transcendenbeuaflaries. The study
demonstrates how technological innovations can integrate with traditional craftsmanship to create
multisensory, interactive, and narrativgented clothing systems. In this respect, the research offers an
interdisciplinary contributin at the intersection of fashion, technology, and cultural discourse. Alongside
the conceptual and aesthetic framework, the produced prototypes were also evaluated in terms of structural
stability, wearability, ergonomic comfort, and the integrationgifting systems. These evaluations helped
assess the practical performance and usability of the garments.

Keywords: conceptual costume design, 3D printing, lighting systems, interactive fashion, festival
performance

1. INTRODUCTION

The rapiddevelopment of digital technologies has significantly transformed contemporary fashion design,
enabling new forms of interaction between the body, garment, and environment. In particular, the
integration of wearable technologies and digital fabricatiorhaut has shifted garments from passive
objects to active, responsive systems [1].

Within this evolving context, conceptual costume design has emerged as a critical field where fashion
intersects with performance, technology, and cultural discourse. AsdRBéathes argues, fashion operates

as a system of signs through which social meanings are constructed and communicated [2]. This semiotic
perspective allows garments to function as narrative media rather than merely aesthetic forms.

Furthermore, feminigheory provides a crucial framework for understanding the body as a site of cultural
inscription. Judith Butlerés concept of performat
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produced through repeated acts [3]. In fashion design,ubgests that garments can actively participate
in the construction and transformation of identity.

In parallel, technological developments have introduced new possibilities for material and structural
innovation. 3D printing enables designers to produogpdex geometries and customized forms that extend
beyond traditional textile techniques [4]. Similarly, wearable lighting technologies allow garments to
interact dynamically with their surroundings, enhancing their performative and experiential qualities [

This study investigates how these technological and theoretical frameworks can be integrated into
conceptual costume design. Through a-fvak collection, the research explores the transformation of the
female body from oppression to empowermentgigashion as a medium for narrative expression and
sociccultural critique.

2. EXPERIMENTAL STUDY

2.1 Design Methodology

This study adopts an applicativased research approach that integrates the theoretical framework with
creative production. The dign process is a multhyered and iterative structure including concept
development, visual research, sketching, digital modeling, material selection, prototyping, and final
garment production. Each stage has been systematically evaluated and optooaeih@ to both
aesthetic and technical performance criteria. This approach addresses the interaction between conceptual
design decisions and materials and production techniques in a holistic manner [6, 7].

2.2. Materials and Technologies

Textile maerials used in garment production were selected from synthetic fabrics such as tulle and organza
to provide lightness, translucency, and layered visual depth. Metal components and -palyedeB8D
printed elements were used together to create structtegtilty and conceptual contrast [4].

The structural components were developed via ttieensional digital modeling prior to fabrication, as
shown in Figure la. Polylactic acid (PLA) filament was used due to its low processing temperature,
dimensional staility, and surface quality. Fabrication was performed using a desktoptiypdMAnycubic

3D printer (Figure 1b).

Printing parameters were experimentally optimized based on geometric complexity and mechanical
requirements. Layer height was set toi 0.2 mm infill to 15i 40%, and printing speed to 480 mm/s.

The nozzle temperature was maintained ai 220°C for PLA, while the print bed was kept ai 60°C to
enhance adhesion.

For lighting integration, LedNeon LED systems were used, proviiixgle, low-energy consumption

and homogeneous light distribution. The electronic system's energy needs were met by a CPH brand 12V,
3.2Ah lithium+ion battery. The LED systems, integrated into the garment structure, both enhanced the visual
impact and dered a performative and interactive experience [5].

2.3. Garment Development and Techniques

The garments were constructed using a hybrid approach that combines traditional tailoring with
experimental techniques (Figure 1c and 1d). Draping, layeaimjsculptural construction were employed

to create complex silhouettes. Digital ornamentation methods, such as 3D pen applications and printed
elements, were incorporated to reinforce the conceptual themes. This hybridization of manual and digital
techniqies reflects current trends in fashion innovation [8].
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Figure 1. The design, fabrication, and material integration process of the conceptual costume components
is illustrated.(a) presents the digital modeling and mwligw visualization of the 3D printed structural
elements, highlighting their geometric configurati¢y) shows the fabrication of PL-hased components

using FDM 3D printing(c) demonstrates the application of textile materials and surface detailing during
the garment assembly proceéd) illustrates the integration of metallic surface elements andiribé
finishing procedures, emphasizing the transition from digital design to a fully realized, rAaasedl
wearable structure.

2.4. Prototype Evaluation

The produced costume prototypes were examined in terms of wearability, structural seabiitymic

comfort, and the integration of lighting systems. Observations were carried out during fitting sessions and
movemertbased performances. Attention was particularly given to the behavior of their@8Ed
connections, the flexibility of illuminad components, weight distribution, and the relationship between
rigid and soft materials. These observations provided a better understanding of how the proposed designs
functioned in practice.
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3. RESULTS and DISCUSSION

The findings of this study were evaluated through a collection of five consecutive appearances representing
a conceptual transformation process. The results show that design is not only an aesthetic production but
also a multidimensional means of expressidiere sociaultural, theoretical and technological layers are
combined. In particular, the integration of digital production techniques and wearable technologies enables
clothing to transform from passive objects into active and narratieated systas [1,5].

Look 171 Fear, Silence, and Constraint:This look represents the initial stage of oppression, where the
body is enclosed within restrictive forms (Figure 2a). Dark color palettes and layered structures symbolize
invisibility and suppression. Shcepresentations align with feminist critiques of how social norms regulate
and control the female body [9].

Look 21 Captivity and Limitation: The second look introduces cages structures that physically and
symbolically confine the body (Figure 2@)his reflects the concept of disciplinary power described by
Michel Foucault, where the body becomes an object of control within social systems [10]. In this respect,
the design embodies a theoretical concept through structural form.

Figure 2. Conceptial design development illustrates the narrative progression of the collggt)on.
represents the initial stage of fear, silence, and restriction through layered dark textiles, enclosing forms,
and the use of chain elements symbolizing physical and pegital constraint.(b) visualizes
confinement and controlled agency via structured corsetry andikagkirt forms, emphasizing tension
between restriction and movemefit) reflects trauma and exposure through a reinterpretation of the
traditional brdal silhouette, incorporating symbolic surface elements and fluid red accents to convey
emotional rupture and transformation.

Look 371 Trauma and Exposure: This look reinterprets the traditional bridal garment as a site of symbolic
violence. By subvertingstablished meanings, the design reveals hidden structures of inequality. Pierre
Bourdieu defines symbolic violence as the internalization of social hierarchies that appear natural but
reinforce domination [9]. Thus, clothing is positioned as a narrativiace that makes visible invisible

power relations. The conceptual design development presented in Figure 2c clearly demonstrates how these
three stages were visually and structurally conceived. Throughout the design process, the relationship
between fom, material, and symbolic meaning was systematically developed.
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Figure 3. Conceptual development, final realization, and detail analysis of the costume representing
resistance and rebirt(a) presents the initial design illustration highlighting the bpiit use of flame
inspired forms and structural elementis) shows the fully realized garment worn in a performative
context, emphasizing the integration of illuminated elements and the embodiment of transfoljgjation.
provides detailed views of matdriapplications, including illuminated textile channels and metallic
structural components, demonstrating the interaction between digital fabrication, wearable technology,
and surface design.

Look 4 1 Resistance, Power, and Rebirthinspired by the Phoenirmythology, this look represents
transformation and empowerment. The use of metallic materials, structured silhouettes, and integrated
lighting systems convey strength and reneviiais demonstrates that technology has become not only a
supporting tool bualso a meaningroducing component in fashion design. As Sabine Seymour states,
wearable technologies transform garments into dynamic systems that can interact with the environment [5].
The results shown in Figure 3 reveal that digital production, masafliection, and electronic integration

work together to create a powerful narrative.

Look 571 Liberation and Cosmic Unity: The final look represents transcendence and freedom through
fluid forms and luminous materials. The dissolution of rigfidictures reflects a shift from constraint to
opennessThis approach can be associated with Donna Haraway's posthumanist perspective, where the
body is considered not as a hunwamtered structure, but as an entity integrated with technology, the
enviroment, and other systems [11]. The results presented in Figure 4 demonstrate how this integration
occurs at both the aesthetic and technological levels.

Beyond their conceptual and visual aspects, the garments were evaluated during fitting and movement
based use. The integrated LED systems andp8bted elements functioned consistently throughout the
performance simulations. It was also observed that the combined use of flexible textiles and rigid structural
components allowed movement while maintainingititended silhouette of the garments

4. CONCLUSION

This study demonstrates that the integration of digital technologies and conceptual design methodologies
can significantly expand the expressive potential of fashion. By combining 3D prim&acgble lighting,
and traditional craftsmanship, garments can function as interactive and narrative systems.

The fivelook collection illustrates a transformation from oppression to empowerment, highlighting the role

of fashion as a medium for culturalitijue and emotional storytelling. The findings suggest that
technologically enhanced garments can engage audiences on multiple sensory levels while maintaining
strong conceptual foundations. The study demonstrates that theoretical frameworks (sesnatics, f

and posthumanist approaches) can be effectively integrated into design practice, enabling garments to
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develop a narrative language and engage viewers throughssndtory communicatiofruture research
may explore the development of more respamsiystems and the application of such designs in broader
performance and exhibition contexts

Figure 4. Design realization and interactive material performance of the gar(agpresents the initial
conceptual illustration, highlighting the sculptural form and integration of layered textile stru¢h)res.
shows the realized garment in a performative cantiemonstrating fit, movement, and overall aesthetic
translation from design to physical for(n) provides detailed views of material applications and embedded
lighting systems, emphasizing the integration of 3D printed elements, metallic surfaceg&abdsed
illumination to create a dynamic and interactive visual effect.
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ABSTRACT

The rapid development and implementation of augmented reality (AR) technologiesjmijrhtes the
physical environment with virtual contetitave attracted considerable interest within the retail sector due

to their potential to enhance consumer ex@ure and decisiemaking processes. Despite increasing
improvement of AR applications, limited research has focused on consumer perceptions, experiential
responses, and motivational drivefhe primary objective of this studlyto investigate and evaluathe
attitudes of consumers their engagenent with AR applications.For this purpose, ajualitative

met hodol ogy, two focus group sessions were condu
AR, their cognitive and affective responses toiAtractions, and their intentions regarding future Lrse.
the first focus group, participants6é knowl edge,

examined. Participants were purposively selected to include individuals both with anditwitfoy
experience using AR applications.the second focus group, participants were asked questions concerning
their experience after using an AR application. The findings of the studgledhatparticipantgenerally

hold positiveattitudes towarsl AR applicationsanddescribe AR applications as useful, entertaining, and
informative, andherefore they have laigh intention to use such applications in the futewen though

some limitations in responsiveness were notéelvertheless, it was obsedvéhat theparticipantsstill
exhibited a preference for traditional applications, attributable both to habitual use and to skapticism
getting inaccurate respons@$e results contribute to a deeper understanding of consumer engagement
with AR retal applications and highlight implications for retailers seeking to leverage AR to enhance
shopping experiences.

Keywords: Consumer BehavipAugmented RealifyProduct Trial Retail Industry

1. INTRODUCTION

With the rapid advancement of digit@chnologies, augmented reality (AR) applicatitiase become
increasingly integrated into various domains of everyday life. Augmented reality can be conceptualized as
the practice of augmenting a rdmhe, direct, oindirect view of the physical world with virtual information

[1]. Contemporary AR technologies are employed across a diverse array of sectors, including education,
gaming, retail, tourism, and healthcare, where they serve distinct functional and experiential purposes|[2].
In the retail context, for example, AR facilitaie n s u me r sniaking) pracesses loy enabling virtual
product trial® such as visualizing furniture in a home environment or trying on clothing and cosmetics
through interactive interfac&swhich can lead to more informed and confident purchase beH&yifs

the use of augmented reality applications spreads rapidly, consumer attitudes and reactions are also
becoming worthy of investigatio©onsumer attitudes toward AR are recognized as a critical determinant

of both adoption and continued use, influegenot only individual engagement but also broader patterns

of market diffusion and technological acceptance. Accordingly, a systematic evaluation of consumer
perceptions, expectations, and motivations can yield valuable insights for both researcliedsistnd
practitioners seeking to optimize AR implementation strategies.The primary aim of the preseis tstudy
examine and evaluate consumer attitudes toward augmented reality applidatiacisieve this objective,
consumer s6 | ev edemiong &nd éxpectatibne rdgarding aygmented reality technology, as
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well as the consumerso6 thought and beliefs in rel
after experiencing with these applications have been investigdieddata otained will be subjected to

statistical analysis and interpreted within the context of relevant industry applications to provide
comprehensive insights into consumer engagement with augmented reality.

2. METHODOLOGY

In the studytwo focus group studies weiemp | ement ed. I n the first focu
knowledge and prior experience with augmented reality were assessed through a series of targeted
guestions. Within this session, distinct question sets were administered to participants wievibadlp

used AR applications and those who had not, allowing for comparative insights into familiarity and
preconceptions. In the second focus group session, participants were instructed to interact with an
augmented reality application developed by aeshetailer, after which they responded to questions
designed to explore their experiential perceptions and affective responses. The data collected from both
focus group studies were analyzed using appropriate statistical methods, and visual reprasentation
including pie charts, histograms, and tabular summaries, to facilitate comprehensive analysis and
interpretation of consumer attitudes and experiential outcomes.

3. RESULTS

The findings of the study are discussed in detail below. In the first fooup gtudy, the knowledge and
experience of 31 participants regarding augmented reality were assessed through a series of structured
guestions. The content of these questions vari e
applications; thereforehe results of this phase are presented separately in Sections 3.1 and 3.2. In the
second focus group study, a uniform set of questions was administered to all participants following their
interaction with an AR application. The responses obtaineddrptidase are reported in Section 3.3.

3.1 Views and Opinions of Participants Without AR Experience Regarding AR

Among the 31 participants in the first focus group, 18 reported having no prior experience with augmented
reality (AR); however, all of these indddals indicated a desire to engage with AR products and
applications. The majority of respondents expressed a strong interest in exploring AR applications related
to travel, art, and exploration, followed by AR gaming applications. In contrast, sportwedindss
applications received comparatively low interest from the participsviteen asked about the potential
benefits of AR applications, a substantial portion of respondents identified entertainment (44.4 %) and
travel and exploration (38.9 %) &sy areas in which AR could provide value. Specifically, half of the
participants (50 %) perceived AR as advantageous for product search and shopping, while smaller
percentages associated benefits with virtual concerts (16.7 %), art and design (16d/M#g|thnare (11.1

%). Furthermore, approximately 61 % of all participants reported a favorable attitude toward the use of
VR/AR/Metaverse applications for product presentation and shopRegarding emotional responses to

AR technology, 61.1 % of partjgants reported curiosity about trying AR applications, while 27.8 % stated
that they felt excitement about the experience. Additionally, 11.1 % indicated that they expected to enjoy
the experience, and notably, none of the participants reported feelingsniaf or bias toward AR
applications. Despite these generally positive affective responses, concerns were also evident: 50 % of
participants expressed worries about the potential for AR applications to foster addiction, followed by
concerns regarding saaty risks (27.8 %), reduced attention (16.7 %), and dizziness (5.5i#@lly, a
significant proportion of respondents anticipated broader future adoption of AR technologies. Specifically,
77.7 % of participants implied that AR applications are likelygoome widespread in the future, and 88.9

% expressed that AR would be beneficial for product search and shopping.
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Figure 1. The evaluation of first group of respondents having no experience with AR

3.2 Views and Opinions of Participants With AR ExperienceRegarding AR

Of the 31 participants in the first focus group, 13 reported having prior experience with augmented reality
(AR) applications. Among these experienced users, only 30.8 % indicated that they possessed a moderate

to high level oknowledge about AR technologies, whereas 61.5 % reported having only limited familiarity

with AR applications. Furthermore, less than half of the experienced participants (46.2 %) stated that they

engaged with AR applications on a regular basis (i.e.raktmes per week or month)/hen asked about

their actual use of AR applications, the majority of respondents (69.2 %) indicated that they had utilized

AR primarily for entertainment purposes, such as playing games or watching films and videos, ®hile 30.

% reported using AR

for

educational act
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perceptions of the benefits associated with AR, with equivalent percentages acknowledging the value of
AR for both entertainment and educational functionddifionally, a notable proportion of participants
(38.5 %) recognized the potential for AR applications to support -vedalted collaboration and social
interaction, suggesting a broader range of perceived utility beyond leisure and |eRegagling futre
adoption, an overwhelming majority (92.3 %) of experienced users anticipated that AR applications would
become more widespread in the future. Despite this optimism, participants also identified several limitations
associated with current AR technolagli@he most frequently cited concern (69.2 %) was the inability of
AR representations to fully match the characteristics of real products, followed by potentialé¢lasdith

issues (e.g., headaches and nausea) reported by 30.8 %, and concerns absolaomianoted by 23.1

%. Finally, 23.1 % of participants indicated that they found using AR applications challenging, highlighting
usability issues as a barrier to engagement.
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Figure 2. The evaluation of first group eéspondents having an experience with AR

33Participantsdé Views and Thoughts After Using

In the second focus group, participants were asked to articulate their views and reflections after interacting
with an augmented reality applicatioropided by a shoe retailer. Participants evaluated the AR application
across multiple dimensions, including usability, consumer engagement, and perceived utility. The
aggregated results of these evaluations are presented in Table 1 below, which suriredegegsponses

and thematic patterns identified during the session.

86



International Textile & Fashion Congress

filnnovate , I ntegrate, I nspire: The Future of ITFc

28-29 April 2026, Istanbul, Turkey

INTERANATIONAL

sitn
CONOGRESS

NOIHSVS ¥ FWLXRL

Table 1. The evaluation of AR application in different aspe&B{(strongly disagree, D: Disagree,
UND:Undecided, A: Agree, SA: Strongly Agree

The Relevant Statement SD D UND A SA

The interface of AR app. offers an appealing presentation. 7,69 0,00 7,69 53,85 30,77
AR app. interfaces are highly aesthetic in terms of design. 0,00 0,00 15,38 53,85 30,77
The interface design of AR app. is functional and appealing. 0,00 0,00 0,00 69,23 30,77
Average of Aesthetic 256 0,00 7,69 58,97 30,77
Using AR, | can virtually try on the shoes | intend to buy. 0,00 7,69 0,00 30,77 61,54
Using AR, | can easily find and try on the footwear | am looking for. 0,00 0,00 15,38 30,77 53,85
Using AR, | can ignore the footwear | am not interested in. 7,69 0,00 46,15 15,38 30,77
Average of Perceived control requirement 256 256 20,51 25,64 48,72
| can receive immediate feedback when | interact with AR. 0,00 0,00 53,85 46,15 0,00
Thefeedback | received when interacting with AR met my expectations. 0,00 0,00 30,77 61,54 7,69
| received helpful feedback while interacting with AR. 0,00 0,00 38,46 53,85 7,69
Average of Perceived responsiveness 0,00 0,00 41,03 53,85 5,13
The AR appis personalized to a certain extent. 0,00 7,69 23,08 69,23 0,00
| can use the AR app. the way | want. 0,00 0,00 23,08 69,23 7,69
The AR app. meets my individual needs. 0,00 0,00 23,08 53,85 23,08
Average of Perceived personalization 0,00 2,56 23,08 64,10 10,26
| find the AR app. useful for footwear shopping. 7,69 0,00 0,00 30,77 61,54
The AR app. makes footwear shopping easier. 0,00 0,00 0,00 30,77 69,23
AR app. increase my chances of making the right decisions in online shopping. 0,00 0,00 15,38 30,77 53,85
AR app. speed up footwear shopping. 0,00 7,69 0,00 38,46 53,85
AR app. make footwear shopping more effective. 0,00 0,00 15,38 30,77 53,85
Average of Performance expectancy 154 154 6,15 32,31 58,46
The AR app. provided me with tlformation | expected. 0,00 0,00 7,69 76,92 15,38
The AR app. provided detailed information about the topic | wanted to learn about. 0,00 7,69 15,38 76,92 0,00
The AR app. provided complete information about the topic | wanted to learn about. 0,00 15,38 30,77 53,85 0,00
The AR app. provided me with information that helped me make decisions. 0,00 0,00 7,69 69,23 23,08
The AR app. provided sufficient information for comparing products. 0,00 0,00 7,69 69,23 23,08
Average of Perceivednformativeness 0,00 4,62 13,85 69,23 12,31
| am curious about the AR app. 0,00 0,00 7,69 30,77 61,54
The AR app. is very interesting to me. 0,00 0,00 15,38 23,08 61,54
|l didnét notice the passage of ti me whi 000 7,69 1538 46,15 30,77
Average of Perceived enjoyment 0,00 2,56 12,82 33,33 51,28
After using the AR app., | have a positive opinion about it. 0,00 0,00 0,00 61,54 38,46
The AR app. offers valuable services. 0,00 0,00 0,00 61,54 38,46
The AR app. offersaluable services. 0,00 0,00 0,00 61,54 38,46
Using the AR app. was an enjoyable experience. 0,00 0,00 0,00 53,85 46,15
Average of Attitudes 0,00 0,00 0,00 59,62 40,38
I intend to use the AR app. regularly. 0,00 0,00 15,38 76,92 7,69
I intend to useéhe AR app. more frequently. 0,00 0,00 0,00 92,31 7,69
| plan to use the AR app. in my next footwear shopping. 0,00 0,00 15,38 61,54 23,08
Average of Intention and Continuation to use 0,00 0,00 10,26 76,92 12,82
| will say positive things t@thers about the brand that has the AR app. 0,00 0,00 7,69 76,92 15,38
I will defend the brand that has the AR app. when others criticize it. 0,00 15,38 15,38 69,23 0,00
| want to recommend the brand that offers the AR app. to people planning $hdms/ 0,00 0,00 7,69 84,62 7,69
| want to share my experience with the AR app. with my friends on my social media accc 7,69 30,77 23,08 30,77 7,69
| want to post my experience with the AR app. on my social media accounts. 7,69 30,77 30,77 23,08 7,69
Average of Impact on Brand advocacy 3,08 15,38 16,92 56,92 7,69

The majority of participants (89.6 %) indicated that the AR application possessed both a functional and

visually appealing design, suggesting positive initigbressions of its aesthetic and structural attributes.
A substantial proportion of respondents
the need for extensive control effort, particularly when searching for products and inteveitti virtual
try-on features. However, the responsiveness of the system did not meet user expectations, as 41.03 % of

participants reported difficulties receiving immediate feedback during interaction, which may indicate

(74.36

performance limitations in redéiime processing or interface responsivenéssgerms of informational

value, 81.54 % of respondents perceived that the AR application provided detailed, sufficient, and

comprehensive information to support decisiaking, aligning with research suggegtthat augmented
reality can enhance both utilitarian and hedonic consumer outcomes such as perceived usefulness and

enjoyment. Moreover, 84.61 % of participants reported that using the AR application was enjoyable,

indicating a strong hedonic elementhe user experience. The ability to personalize content or interactions

within the AR environment was likewise acknowledged by a majority (74.36 %) of respondents,

emphasizing the importance of customization as a-cesgtered design featur®verall, a comiderable

proportion of participants (90.77 %) affirmed that the AR application met or exceeded their expectations in
terms of usefulness, ease of use, functionality, versatility, and overall effectiveness. After experiencing the
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AR tool, all participantseported a positive attitude toward AR technologies, and 89.74 % expressed an
intention to use similar tools more frequently in the near future. However, despite generally favorable
attitudes and intentions, participants were less inclined to engageadnaagivbehaviors; although they
stated theywould recommendR tools and brands utilizing such tools, they were reluctant to actively
defend a brand on this basis or to share their experiences with others, either socially or via digital platforms.

4. CONCLUSION

This study investigated consumer attitudes and experiential responses toward augmented reality
applications within the context of shoe retalil.

The findings indicate thathere isgenerally positive perceptions of AR potential across entertainment,
edua@tion, and retail domain#fter direct engagement with the applicatiosers evaluated the technology
positively in terms of design and functional performance. Desgitiin limitations related tosystem
responsivenesand accuracythe majority of repondents affirmed that the AR experience met or exceeded
their expectations with respect to ease of use, functionality, and perceived utility. Moreover, nearly all
participants reported favorable attitgdeward AR technologies and expressed an intettiarse similar

tools more frequently in the future.

However, while participants were willing to recommend AR applications and acknowledge their benefits
for product search and shopping, they were less inclined to engage in active brand advocacy or share their
experiences socially. This pattenmight suggestthat although AR can positively influence individual
attitudes and perceived experiential value, the translation of these attitudes into broader promotional
behaviors may be limited without further enhancements in engagement features or social intégration
summary, this research contributes to the growing body of literature on AR in retail by providing empirical
evidence that AR applications can enhance consumer experience and positive attitudes, while also
highlighting areas for improvement, such aspensiveness aratcuracyto foster brand advocacy. Future
studies should examine the letegm effects of repeated AR interactions@msumer engagement and
investigate how specific design features might drive stronger social sharing and loyalty outcomes
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ABSTRACT

Recent developments in textile engineering and advanced manufacturing technologies have enabled the
creation of garments capable of delivering targeted functional and therapeutic performance. Therapeutic
tools such as kinesio tapes, adhesive bands, angmiional compression garments are widely used to
alleviate muscle soreness, enhance circulation, and support muscle recovery. Despite their proven
effectiveness, these solutions often have practical limitations, including the need for manual application,
limited customization, and potential discomfort with prolonged use. Such constraints highlight the demand
for integrated wearable alternatives that provide localized therapeutic effects without compromising user
comfort or mobility. In response to thesealtbnges, this study presents the design and development of
compression leggings that incorporate reggpacific pressure zones, achieved through tbieensional

(3D) printing technology. Flexible thermoplastic polyurethane structures were directlyaiei® onto

textile substrates using optimized additive manufacturing parameters to enable controlled and anatomically
aligned compression. Three distinct TPU structure designs were developed and applied to the leggings to
investigate the influence of path geometry. The therapeutic leggings prototype was produced using TPU
filament and evaluated against five key criteria: flexibility, lightweight construction, filatogeitile
adhesion, pressure application effectiveness, and manufacturing feadibiliydition to structural and
material assessments, the functional performance of the developed garment was evaluated using established
biomechanical methods, including the Gastrocnemius Shortness Test, Soleus Shortness Testtand Knee
Wall Test. Thest e st s were selected to assess the gar ment ¢
mobility, which are critical parameters in both sports performance and rehabilitation contexts. The results
indicate that the proposed 3Winted compression leggis provide muscle support comparable to
traditional therapeutic products while offering enhanced adaptability through customizable pressure
distribution. By integrating manufacturing with functional textile design, this study demonstrates a
promising apprach to developing nexgjeneration sportswear and healthcare garments that combine
comfort, performance, and therapeutic functionality within a single wearable system

Keywords: 3D-Printing, Biomechanical Compression, Customizable Presé\pplication, Muscle
Supporting Textiles, Therapeutic Compression Legging

1. INTRODUCTION

Advancements in textile technology and manufacturing processes have enabled the development of
garments that provide both functional and therapeutic benefits, partcutarsports performance,
rehabilitation, and preventive healthcare. Various approaches, including kinesio taping, adhesive
therapeutic bands, and compression garments, are commonly used to support muscles and enhance
recovery.

Kinesio taping is widely ap@d to improve circulation, reduce pain, and support muscle funipon [
However, existing studies have reported several limitations, including generallyeshoreffects 3],

greater effectiveness when combined with other therapenigcventions rather than used alorg, [
dependence on proper application technique, and the potential for skin irritation from direct &ntact [
Similarly, compression garments are designed to apply graduated pressure to enhance venous return and
circulation, potentially reducing muscle soreness and accelerating recovery [1]. While some studies report
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benefits such as improved performan&§ &and proprioception7], the overall effectiveness of these
garments remains inconsiste8} ind highly dependémn factors such as material properties, garment fit,
and individual body morphologyg]. Therefore, without careful application and proper customization of
kinesio tapes or compression garments, the performance may be compromised. These limitaiigimts highl
the need for integrated wearable solutions capable of delivering localized therapeutic effects while
maintaining comfort and mobility.

Recent advances in thrdamensional (3D) printing offer significant potential for producing customized
and functimal textilebased products. Additive manufacturing enables the direct integration of
personalized, bodgontoured structures tailored to specific needs onto textile surfatd][and also

allows controlled, targeted pressure applicatidi®$. [n this mntext, the present study proposes the design
and development of compression leggings with regjpecific pressure zones and distinguishes itself by
embedding therapeutic functionalities directly into the textile structure via 3D printing. Three
Thermoplatic Polyurethane (TPU) structures with different geometries were developed and evaluated for
geometry, flexibility, adhesion, pressure effectiveness, and manufacturability. In addition, biomechanical
tests were conducted to assess the effects of develgpaents on lowelimb flexibility and mobility.

The findings demonstrate that ginted compression leggings have the potential to provide effective
muscle support while offering enhanced adaptability through customizable pressure distributionngresenti
a promising approach for negeneration therapeutic and performancented wearable systems.

2. EXPERIMENTAL STUDY
2.1 Material Selection

TPU filament was selected due to its flexibility, durability, esectiveness, and wide commercial
availability [13]. In addition, TPU offers advantages in processability, compatibility with additive
manufacturing, and recyclability, contributing to environmental sustainalligy4]. Its high adhesion
capability enables strong bonding to textile surfdd€k, resulting in flexible, durable printed structures

with a low risk of delamination and loftigrm sustainability. The textile substrate was selected as a
polyesterelastane knitted fabric chosen for its elasticity, comfort, and suitability for-fitbeg garments.

The fabric has a mass per unit area of approximately 201.7 g/m?, with a wale density of 27 wales/cm and a
course density of 17 courses/cm. This combination of TPU and elastic fabric supports both functional
performance and wearer comfort, makingppropriate for therapeutic sportswear applications.

2.2 3D-Printing Model Designs

The three TPU designs used in this study were selected based on textile compatibility, therapeutic
functionality, manufacturability, and user comfort. Each design was optinfr specific mechanical
properties and application requirements. The selection process was guided byASitisga [L5] cellular

material mechanics model and by Bauer et all§ findings on the superior energlssipation
performance of hexagonal geetries.

The first design is a ¥haped configuration with vertically stacked circular TPU filaments. The circular
geometry enables a homogeneous stress distribution under tensile and compressité |oassl{ing in

uniform and comfortable compressiof the calf muscles. This graduated compressior2QUBmHg) can
enhance venous return by 40%@], while the Y-shaped layout provides directional support aligned with
muscle fibers and maintains flexibility during movement (Figur&)1Ehe second degn is a ¥shaped
configuration composed of vertically stacked hollow hexagonal TPU filaments. Hexagonal geometries are
widely recognized for their high strengtitrweight ratios. Bauer et all§] reported that hexagonal cellular
structures exhibit 35% gater energydissipation capacity than square lattices, while also enabling
approximately 40% material savings. The hollow structure enhances flexibility while maintaining structural
integrity [16], and the vertical Ypattern provides targeted support andhpression, as well as improved
breathability (ISO 9237) (Figure 1 The third design is a-ghaped configuration with multidirectional
hollow hexagonal TPU filaments. This structure forms an omnidirectional support network on the textile
substrate, immving pressure distribution and support during multiplanar movements (Figute 1.c
Overall, the three designs were selected to achieve an optimal balance between flexibility, support, and
manufacturing efficiency. Literature and experimental evidenceadtel that the selected geometries
enhance mechanical performance and comfort in th
adhesion to textiles, these structures provide a solid scientific basis for this research.
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2.3 3D Model Application on Textle Material

The 3D models were imported into Ultimaker Cura slicing software. Key slicing parameters were carefully
defined, including model orientation and positioning on the build plate, layer thickness, filament type,
printing temperature, infill dentsi, and printing speed. Printing was conducted at a nozzle temperature of
220°C, a bed temperature of 60°C, and a low print speed of 30 mm/s. Thetodanec distance was
adjusted to ensure direct contact, with parameters selected to prevent fabntatien and tearing. To
mitigate issues, the-dffset was increased, and the bed temperature was raised by 5°C to improve adhesion.
The fabric was fixed to the print bed with bonds to prevent movement during printing, particularly given
its flexible stucture, thereby reducing shifting and wrinkling. Optimization enabled a stable and durable
TPU-fabric bond without the use of additional adhesives or surface treatments, relying solely on controlled
bed leveling and exturision settingss a result, the T® designs were applied in the back lower region of

the leggingFigurel.a2, b2, and c2 demonstratie three TPU designs applied to textile material.

c1)

c2)

Figure 1. Designed & 3D Printed -shaped configurations: (a) vertically stacked circularyénlically
stacked hollow hexagonal, (c) multidirectional hollow hexagonal.

2.4 Three Established Biomechanical Testing

The functional performance of the developed leggings was assassiaed established tests from the
literature thatassess ankle dorsiflexioange of motionGastrocnemiusoleus Shortness Tesiad the
Kneeto-Wall Test. As ankle dorsiflexion range of motion is closely related to elasticity and length of
musclesthat are located iposteriorlower leg[20,21], where the TPU designs were applithese tests

were selectedas theassessmennethods.In the gastrocnemius shortness test, the knee is kept in full
extension, while the ankle is forced into dorsiflexion. In the soleus shortness test, the knee is kept in slight
flexion, while the anklés forced into dorsiflexionTheankle dorsiflexion range of motion in both the knee
extended and knefexed positionsvas measured whilgarticipants sat on a table with their legs extended

and feet positioned off the eddg&]. Thekneeto-wall test requires the participant to lunge toward the wall

with the toes positioned approximately 10 cm away, moving forward until the knee touches the wall without
lifting the heel; the resulting angle between the leg and the floor was mea2dredll measurements

were conducted under the supervision of a senior physiotherapy stuslegt goniometer to take
measurementdleasurements could have been obtained using more advanced digital alternatives, such as
an inclinometer23], or recordingbased method<2f]. However, due to cost constraints, the present tests
and measurement techniques were selected for implementation.

3. RESULTS

The therapeutic leggings were first evaluated against five key criteria: flexibility, lightweight design,
filament alhesion, pressure application, and ease of manufacturing. The leggings demonstrated flexibility,
retaining their original elasticity after 3D printing, with no noticeable stiffness or constraint during
movement. They were found to be lightweight sinceigoificant increase in weight was observed. TPU
filament adhered strongly to the textile surface, with no delamination or detachment observed during or
after use, demonstrating the adhesion to fabriepBited leggings delivered targeted compressionavhil
preserving mobility, demonstrating more efficient and adaptive pressure distribution than conventional
garments as observed in biomechanical testing. Although the initial optimization of printing parameters
posed challenges, the final process provedodmible, scalable, and efficient, producing results with
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minimal material waste. Additionally, the method enabled a high degree of design flexibility, supporting
the development of customized therapeutic wearables.

In addition to the initial evaluationthe performance of the developed leggings was assessed using three
methods: the Gastrocnemius Shortness Test, the Soleus Shortness Test, and-th&\laHeBest. The

results were obtained by comparing the-@ihted leg with the noprinted right leg, adh all values were
calculated as the difference between pastl pretest measurements of three participants, which were then
averaged. Negative values indicate a decrease in flexibility, while positive values indicate an increase. The
average results farach test are presented in Table 1.

Table 1.Biomechanical test results.

TEST GASTROCNEMIUS
SHORTNESS SOLEUS SHORTNESS KNEE-TO-WALL
LEFTLEG RIGHTLEG LEFTLEG RIGHTLEG LEFTLEG RIGHTLEG
PARTICIPANT | DESIGN NO (3p- (NON- (3p- (NON- (3p- (NON-
PRINTED)  PRINTED)  PRINTED) PRINTED)  PRINTED)  PRINTED)
AVERAGE OF 1 -2.00° -8.33° -1.00° -6.11° +3.33° +4.00°
THREE 2 +2.00° +1.33° +2.00°
PARTICIPANTS 3 -5.33° -2.33° +2.33°

In the Gastrocnemius Shortness test, the righwvlidgput a 3Dprinted design showed an average decrease

of 8.33° in joint angle, indicating a reduction in flexibility. In contrast, the left leg with thergibed

designs showed smaller changes: Design 1 resulted in an average decrease of 2°, Desigd arsh
increase of 2°, and Design 3 showed an average decrease of 5.33°. Since all these changes are more
favorable than the decrease observed in thepnioted leg, it can be concluded that the@inted designs

helped maintain or improve muscle flekity.

In the Soleus shortness test, the right leg without therdided design showed an average decrease of

6.11° in joint angle, indicating reduced flexibility. In contrast, the left leg with thepidded design

showed smaller changes: Design 1 resliin an average decrease of 1°, Design 2 showed an average
increase of 1.33°, and Design 3 showed an average decrease of 2.33°. Since these challenges are more
favorable than the decrease observed in thepnioied leg, it can be concluded that the@ihted design

helped maintain or improve muscle flexibility.

In the Kneeto-Wall Test, the right leg without the 3printed design showed an average 4° increase in
angle, indicating reduced forward movement and therefore lower mobility when wearingdtagdargs
compared to a bare leg. In contrast, the left leg with theprdided designs showed smaller, or even
improved, changes: Design 1 showed a 3.33° increase, while Designs 2 and 3 showed increases of 2.00°
and 2.33°, respectively. Since all 3itinted designs showed less restriction than thepromied condition,

it can be concluded that the printed structures reduced movement limitations, with Designs 2 and 3 showing
the greatest improvement in mobility.

The performance outcomes from functionalhitity and flexibility assessments indicate that, among the
evaluated design configurations, Design 2 offers the optimal balance between effective pressure application
and unimpeded joint movement. While all three designs exhibited improvements in rrexgbikity and

mobility metrics, Design 2 consistently demonstrated superior performance in minimizing motion
restriction, particularly in tests such as the ktwewall test, where the limitation was notably reduced. The
moderateto-high consistency acresmultiple participants further strengthens its candidacy as a user
adaptable solution. These findings support the feasibility gb@iied therapeutic garments as functionally
responsive, usespecific wearables, capable of delivering targeted biomecdiaimterventions without
compromising comfort or mobility.

4. CONCLUSION
This study addressed the limitations of existing musualgport strategies in sportswear and rehabilitation,

such as kinesio taping and conventional compression garments, which afeeshatienges, including
reliance on technique, skin irritation, and limited customization. To overcome these challenges, the
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potential of 3D printing was explored for developing functionalized compression leggings with-region
specific pressure zones.

Three TPU structures were designed, integrated into textile substrates, and evaluated for geometry,
flexibility, lightweight construction, filamento-textile adhesion, pressuapplication effectiveness, and
manufacturing feasibility. In addition, the ddeped leggings were assessed using three established
biomechanical tests to determine their effects on ldindy flexibility and mobility. The results
demonstrated that all 3printed designs maintained or improved muscle flexibility compared te non
printed conditions, while also reducing movement restrictions during functional testing. Among the tested
structures, Design 2 showed the most consistent performance across all evaluations, providing
improvements in both flexibility and mobility. Despite isntributions, this study has several limitations.

The biomechanical testing was conducted with a small sample size of three participants. In addition,
durability under realvorld conditions, such as repeated use and washing, was not evaluated. Theatudy al
focused only on the calf region, limiting its anatomical scope. Future work should include a larger
participant group, durability testing under practical conditions, and the development ofemialti or
modular designs targeting other lowienb areas

Overall, the findings indicate that 3@rinted TPUbased compression leggings can deliver effective and
localized muscle support while preserving mobility and comfort. This approach offers a promising direction
for developing nexgeneration wearable dg¢ens that integrate therapeutic functionality, performance
enhancement, and usgpecific customization within a single textile platform.
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ABSTRACT

Throughout thdifecycle of a textile product, the most significant environmental impact typically occurs
during the user phase. Existing research characterizes the ideal consumer as one who launders garments
infrequently, at lower temperatures, with environmentally nfillg detergents, aidries them, and
minimizes the use of ironing. However, because the underarm region becomes soiled rapidly due to
perspiration, shirts often require washing after each wear. The present study seeks to address this issue by
developing aminderarm pad with enhanced absorbency and functional performance, designed to delay the
onset of soiling in the underarm area of garments and thereby reduce laundering frequency. The primary
objective has been to provide users with a hygienic and cofmli@saearing experience over an extended
period, while simultaneously mitigating environmental impact through decreased water, energy, and
detergent consumption. In this respect, the study aims to generate benefits for both individual consumers
and the broder environment. The work's innovative dimension and technological value lie in proposing a
washable, reusable, and higarformance alternative to existing singiee underarm pads, which typically

offer limited absorbency. The incorporation of layerediliearrangements and specialized fabric structures

is intended to facilitate rapid sweat absorption and evaporation, thereby prolonging garment cleanliness.
Moreover, the selection of eddendly and recyclable materials aligns with the study's oveirggch
commitment to sustainability. A utility model has also been obtained for the underarm pad design that
includes at least one fastening section allowing it to be easily attached to and removed from a shirt, and
features a curved shape created by a @rauit in the middle section to ensure comfortable arm movement

and prevent tightening in the underarm area.

Keywords: Underarm PadAbsorbencyFunctionality, Sustainability

1. INTRODUCTION

Sweat is a clear, salty fluid produced by the svggands to help regulate body temperature. Although
sweating is a normal physiological process, it can cause wetness, discomfort, and discoloration on clothing,
particularly in the underarm area. When combined with skin bacteria, sweat may also leaédsauntpl

odor. Sweat production varies depending on gland activity, which is influenced by factors such as puberty,
sex, and the autonomic nervous systerd can be managed through hygiene practices and products such
as antiperspirants, deodorants, and sweds[1]. Beyond personal discomfort, prolonged exposure of
textiles to sweat can accelerate fabric discoloration, weaken fiber structure, and reduce garment service life.
These effects are especially significant in products worn in close contact wsttirtheshere both moisture
management and user comfort are critical performance requirements

To address these issues, underarm sweadpalds referred to as sweat shields or sweat absértherge

been developed as functional personal hygiene produsitgnéel to absorb perspiration before it reaches
outer garmentsSuch products provide both physiological and psychological benefits by improving wearer
comfort, minimizing odor and stain formation, and increasing user confidence in daily, professional, and
social environments. Sweat pads are generally classified into two main groups: disposable and reusable.
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Disposable products are convenient and widely available, but their-sisgleature contributes to post
consumer waste and limits their loteym sustinability. Reusable alternatives, by contrast, offer a more
environmentally responsible solution by allowing repeated washing and prolonged use, aligning with the
growing global demand for sustainable personal care and hygiene products.

The functional pdormance of a reusable sweat pad depends strongly on the mogtatesl behavior of

the textile materials used in its construction. Textile fibers differ significantly in their moisture absorption,
retention, transport, and drying characteristics, alVloth directly influence wearer comfort and product
effectiveness. Natural fibers such as cotton, wool, silk, and bamboo are widely recognized for their
hydrophilic behavior and their ability to absorb perspiration efficient§][Zotton, for examplds known

for its high moisture absorbency and breathability, while bamboo offers additional softness and antibacterial
potential. Wool provides excellent moisture buffering and thermal regulation, whereas silk offers moderate
moisture management with sujerskin comfort. However, high moisture retention in natural fibers may
also lead to slower drying, discomfort in humid environments, and, in some cases, increased microbial
growth or reduced lonterm durability. In contrast, synthetic fibers such adygster, nylon, and acrylic

are generally hydrophobic and exhibit low moisture regain, quick drying, and superior dimensional stability
[5]. Although these fibers do not absorb moisture to the same extent as natural fibers, they can support
effective sweamanagement when engineered for moisture transport or treated with functional finishes.
Among these, advanced functional materials such as 3&nb@nced polyester have gained increasing
attention due to their ability to accelerate moisture vapor evaportid regulate the microclimate around

the skin through embedded active particles [6]. In addition, regenerated fibers such as viscose contribute
softness, absorbency, and comfort, bridging the performance gap between natural and synthetic materials.
Congquently, blended textile systems are often preferred in moistanagement applications because

they can combine the absorbency of natural fibers with the durability ardtyasg properties of synthetic

fibers [2,5].The interaction betwedextile materials and sweat is governed not only by fiber type but also

by fundamental moisturmanagement properties such as hydrophilicity/hydrophobicity, moisture regain,
hygroscopicity, moisture vapor transmission, absorbency, and capillary liquighdrari7,8]. Effective

sweat management requires more than simply absorbing moisture; it also involves transferring liquid away
from the skin, distributing it across the textile structure, and enabling rapid evaporation. Therefore, textile
structures inteded for underarm sweat management must be designed to balance liquid uptake, transport
efficiency, drying behavior, and tactile comfort.

Among the structural approaches proposed for advanced moisture managemaayeduextile systems

have shown caiderable potential. These systems typically combine an inner hydrophilic layer that absorbs
sweat from the skin with an outer hydrophobic or-lwsorbency layer that promotes outward moisture
transfer and evaporation while simultaneously protecting ther garment [9, 10]. Such structures can
create a directional moisture transport mechanism, improving both wearer comfort and clothing protection.
For reusable underarm sweat pads, this approach is particularly relevant because the product must not only
absorb sweat but also remain comfortable, washable, lightweight, discreet under clothing, and durable over
repeated use cycles.

Previous studies [117] have investigated underarm sweat pad designs from both disposable and reusable
perspectives.

Disposableunderarm pad development:Somestudies proposed singlese underarm pads designed to
prevent sweat stains and odor transfer to garments through the use of absorbent textile or nonwoven
structures combined with hydrophobic barrier layers.

Use of natural fibers in disposable padsResearch has explored the incorporation of biodegradable
natural fibers such as kenaf, jute, and banana into disposable underarm pads, emphasizing their moisture
absorption potential and environmental advantages.

Composite structures for improved moisture management:Advanced disposable pad designs have
included nonwoven/nanomembrane composite structures with hydrophilic and breathable layers to improve
liquid retention, moisture transport, and drying performance.

Reusable multilaye textile pad systems:Reusable sweat pad concepts have been developed using
multilayer textile assemblies to combine absorbency, comfort, and garment protection within a washable
structure.
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Antimicrobial and odor-control functionality: Some reusable desig incorporated antimicrobial or
aromatherapeutic finishes, such as essential oil microcapsules, to enhance odor control and hygienic
performance.

Ergonomic and weareroriented design features:Studies have also highlighted the importance of
flexibility, low profile thickness, fit, and wearer comfort in the development of reusable underarm sweat
pads for daily use.

Patentbased functional solutions: Existing patented designs have focused on washable, meisture
managing underarm products with hydrophilic sprergonomic shaping, and discreet construction for
repeated use under garments.

Although these studies have demonstrated promising developments, the existing literature still reveals
several important limitations. A large proportion of previous whas focused either on disposable
absorbent products or on general moistugnagement concepts rather than on structurally optimized
reusable underarm pads intended for practical daily wear. In addition, many available solutions prioritize
absorbency alonevithout sufficiently addressing the combined requirements of directional moisture
transfer, wearer comfort, garment protection, washability, low profile thickness, and sustainable material
selection within a single integrated textile system. This indscatelear need for produatiented textile

design studies that evaluate reusable underarm pads not only as absorbent materials but also as engineered
moisturemanagement systenin.this context, the present study aims to develop a reusable underarm sweat
pad with improved moisture management performance through the strategic use of textile raw materials
and multilayer fabric design. The study specifically investigates how different textile materials with distinct
hydrophilic and hydrophobic characteristican be combined in a functional layered structure to enhance
sweat absorption, reduce moisture transfer to garments, and improve comfort during wear. By integrating
sustainability considerations with textile performance requirements, this work seak#tribute to the
development of practical, washable, and dgendly sweat pad alternatives to conventional disposable
products.

2. EXPERIMENTAL STUDY
2.1 Method and Materials

In this study, two different types of shirting fabrics commonly used in garmentqiimawere selected as

the outer layers of the underarm pad prototypes: 100% cotton and &663&0n/polyester blend. In
addition to these shirting fabrics, a knitted fabric produced from yarns containing 37.5® technology was
used as a high moistuedorbing intermediate layer. Furthermore, a microfiber woven fabricused as

an outer layer in one of the multilayer prototypes to evaluate its effect on moisture management and drying
performance.

Four different underarm pad structures were designetkeatetl, with the following configurations:

* Structure |: Singldayer shirting fabric, either 100% cotton (coded@a&€btton) or 60/40 cotton/polyester
blend (coded asil C/P).

*  Structure 1I: A thredayer pad composed entirely of shirting fabrising either three layers of 100%
cotton (II7 Cotton) or three layers of cotton/polyester blend @/P).

* Structure lll: A multilayer configuration consisting of shirting fabric on both the-tdmg and garment
facing sides, with a 37.5® knitteddiac placed as an intermediate moistatesorbing layer (coded asill
Cotton or Il C/P).

*  Structure 1V: A complex multilayer structure featuring a sldaing shirting fabric, a middle layer of
37.5® knitted fabric, and a garmeiacing outer layemade of microfiber woven fabric (coded asilV
Cotton or Vi C/P).

In addition to these composite pad structures, individual tests were also performed @hostarfidbrics
namely, the 37.5® knitted fabric and the microfiber woven fabric to obtéémence data regarding their
intrinsic moisture and air management propertiEach sample was labeled using a code in the format
AStructui 8amMpulmd e Nu miCettorg IIFC/B), egsuring ttaceability during testing and
analysis.The sampls were conditioned (65% RH, 20°C) for 24 hours before testing and then were tested
for some of their properties such as weight (ISO 38@byjc thicknesgTS 7128 EN ISO 5084yrying
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rate AATCC 201-2020) Water Vapor PermeabilifASTM E96-00), Air Pemeability(ASTM D737-18),
Transfer WickingMoisture Absorptior{ISO 20158 andOmmcMMT (AATCC TM195).

3. RESULTS AND DISCUSSION

The structural properties of each fabric and tegteaperties of thesingle and layeredamples are
summarized in Tabtel-3.

In Figure 1, on the other hand, transfer wicking behaviour of samples based on dry fabric weight is
presented.

Table 1.Structural Properties of the Samples

Weave/Knit Weight Thickness l\kl)lmstu_re
Type (g/m?) (mm) Absorption
(%)
100% Cotton Plain weave 117.43 0.34 7.89
60/40 Cotton/Polyester | Plain weave 108.30 0.35 4.23
Microfiber Woven Plain weave 80.00 3.60
. 0.64
Fabric
37.5® Knitted Fabric P'a'lfrjftrsey 1003.63 0.19 2.45

Table 2. Tested Properties of the Samples

Air . Water Vapor
Permeability Dr(yl;\r?]Z/Rhilte Transmission
(cm3/cm?/s) 9 (g/ m3/day)

| - Cotton 228.46 47.60 3312
I-C/P 338.88 51.86 36576
Il - Cotton 152.94 137.51 3072
Il -c/P 218.26 152.85 3532,8
Il - Cotton 206.60 166.80 4032
n -cmp 310.40 163.67 38688
IV - Cotton 80.00 163.36 41856
IV - CIP 84.70 133.48 38304
37.5® Knitted Fabric 707.76 123.78 41088
Microfiber Fabric 87.98 171.38 44256

Maisture Transfer Curve of Fabrics Over Time

0.80 1 —#— Cotton-Polyester
Cotton /.—/
=8— Microfiber

* *
; —e
0.75 { —#— 37.58 Knitted

o o =]

-] @ =~

[=] w (=]
’

Dry Fabric Weight Gain (g)

e

n

]
1

0.50

5 10 15 20 25 0

Time (min]

Figure 1. Transfer Wicking based ddry Fabric Weigh
98



INTERANATIONAL

International Textile & Fashion Congress

filnnovate , I ntegrate, I nspire: The Future of ITFC

CONGRESS

NOIHSVS ¥ FWLXRL

28-29 April 2026, Istanbul, Turkey

In table 3, the Alambetaand OMMC test results for samples are presented. These data provide a
comprehensive assessment of the thermal transport charactaistiogverall moisture management
capacity of the samples atide sample layer arrangement (e.g., Cotton+Cotton+Cotton), thdisfiest
material corresponds to the sKacing side of the underarm pad

Table 3.O0MMC and Alambeta thermal comfort test riksu

Sample Th. Cond. | Th. Diff. Th. Abs. Th. Res. Heat gmax OoOMMC
Layers & (mm2/s) | (W-s¥%2/m2- | (Km2/W) Flow (W/m2)
(mW/m-K) x 10-6 K) x 10-3 Ratex10?
x 10-3

Cotton+Cotton+Cotton 43,48 0,0968 143 24,1 2,342 396,8 0,55
C/P+C/P+ C/P 45,66 0,0812 161 19,64 2,062 486,2 0,33
Cotton+3775 knitted+Cotton 44,7 0,123 127 30,8 3,16 489 1,24
C/P+37,5 knitted +C/P 42,3 0,144 111 29,4 3,24 519 1,33
Cotton+37,5 knitted+Microfiber 45,8 0,103 142 27,9 3,26 558 0,55
C/P+37,5 knitted+Microfiber 42,5 0,201 95 274 2,69 458 0,46

3.1 Moisture Absorption of the Samples

Considering the moisture absorption val(€able 1) clear differences were observed among the tested
fabrics. The 100% cotton fabric exhibited the highest moisture absofpi&9%0), which is consistent with

the hydrophilic nature of cellulodeased fibers and their strong affinity for liquid watérhe
cotton/polyester blend showed a lower absorption value (4.23%), reflecting the reduced moisture affinity
of polyester. Althogh the cotton component contributes to moisture uptake, the presence of polyester
lowers the overall absorption capacity of the fabfice 37.5® knitted fabric demonstrated a moderate
moisture absorption value (3.60%), which is consistent with its furatimle in facilitating moisture
transfer rather than moisture retention. Its knitted structure allows some liquid interaction despite its
relatively hydrophobic compositioAmong all tested samples, the microfiber woven fabric exhibited the
lowest moistire absorption (2.45%). This can be attributed to its compact structure and the hydrophobic
characteristics of the synthetic fibers, both of which limit liquid upt&kesrall, the results indicate that

fiber composition and fabric structure strongly iefhce moisture absorption behavior. For underarm pad
applications, an optimal balance is essential, since excessive absorption may delay drying and reduce
comfort, whereas insufficient absorption may limit effective sweat capture.

3.2 Air Permeability of the Samples

Considering the air permeability values, distinct differences were observed among the tested pad structures.
As expected, the singlayer 37.5® knitted fabric showed the highest air permeability (707.76 mm/s) due

to its open knit structure andgh porosity, which facilitate airflow with minimal resistanc&mong the
multilayer pad structures, the incorporation of the 37.5® knitted layer generally improved air permeability
compared to structures composed solely of woven shirting fabrics. Fopkxstructure 11F C/P (310.40

mm/s) exhibited higher air permeability than IC/P (218.26 mm/s), while Structure HCotton (206.60

mm/s) also outperformeddCotton (152.94 mm/s). These findings indicate that the 37.5® layer contributes
positivdy to airflow within multilayer constructionsn contrast, Structures 1VCotton (80.00 mm/s) and

IV - C/P (84.70 mm/s), which include a microfiber outer layer, exhibited the lowest air permeability values.
This reduction is mainly attributed to the derand tightly woven structure of microfiber, which restricts
airflow and lowers the overall breathability of the pAdcomparison of the singlyer shirting fabrics

also showed that4 C/P (338.88 mm/s) had higher air permeability tharCbtton (22846 mm/s). This
difference can be associated with the smoother and more uniform structure of polyester fibers, which allows
easier airflow than the more irregular and moistatentive cotton fibers.Taken togetherthe results
indicate that layer numbefabric thickness, and material structure strongly influence air permeability.
While the inclusion of 37.5® fabric helps maintain airflow in multilayer pads, the addition of microfiber
layers and increased thickness significantly reduce breathability.
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3.3 Drying Rate of the Samples

Considering the drying rate values, clear differences were observed among the tested pad structures. The
singlelayer shirting fabrics (Structure 1) showed the lowest drying performance, with 100% cotton (47.60
g/m2/h) dryingslightly more slowly than the cotton/polyester blend (51.86 g/mz/h). This can be attributed

to the higher moisture retention capacity of cotton fibers compared to polyesterked improvement

was observed in the thrégyer structures (Structure 1) here both cotton (137.51 g/m?/h) and C/P (152.85
g/m2/h) versions exhibited considerably higher drying rates. This enhancement is likely due to the increased
surface area and capillary pathways created by the multilayer configuration, which suppamdastee
evaporation. The incorporation of the 37.5® knitted fabric in Structures Il and IV further improved drying
performance. Structure IH Cotton (166.80 g/m2/h) showed the highest drying rate among the pad
assemblies, followed closely by Struautl - C/P (163.67 g/m2/h), demonstrating the strong moisture
transfer and evaporation capability of the 37.5® layer. This is also consistent with the standalone drying
performance of the 37.5® knitted fabric (123.78 g/m2il)different trend was obsead in Structure 1V,

which includes a microfiber outer layer. While MCotton (163.36 g/m#/h) maintained a drying rate
comparable to Structure Ill, IVC/P (133.48 g/m2?/h) showed a noticeable decrease. This suggests that the
combination of polyester shing and microfiber may restrict moisture escape due to their relatively dense
and less porous structures. This interpretation is also supported by the static moisture absorption results.
Interestingly, the standalone microfiber fabric exhibited the higihgsng rate overall (171.38 g/m?/h),
indicating that drying behavior is influenced not only by airflow but also by fiber type and fabric structure.

In general,the results show that multilayer configurations and functional fabrics such as 37.5® and
microfiber markedy enhance drying performance compared to shagler shirting fabrics.

3.4 Water Vapour Permeability of the Samples

Considering the water vapor permeability values, clear differences were observed among the tested pad
structures. Thseinglelayer shirting fabrics (Structure 1) showed the lowest water vapor transmission values,
with 100% cotton performing slightly lower than the cotton/polyester blend. This can be attributed to the
higher moisture regain of cotton, which tends to retapor more than polyestefhe thredayer structures
(Structure Il) exhibited values close to those of Structure I, wilCbtton showing a slight decrease and

Il - C/P remaining relatively similar. This suggests that multilayering introduces seis&mee to vapor
transfer, although the effect remained limited due to the relatively thin fabric layers Aisgdar
improvement was observed in Structures Il and 1V, where the incorporation of the 37.5® knitted fabric
enhanced water vapor permeabilitructure Ill- Cottonand Structure I\£ Cotton outperformed both

single and thredayer counterparts, confirming the effectiveness of the 37.5® layer in promoting vapor
diffusion through its open knitted structure and moisture management prog&irtidarly, Structure Il

C/P and Structure IV C/P also showed improved water vapor permeability compared to their respective
Structure | and Il versions. However, these values remained slightly lower than those of the corresponding
cottonbased structes, which contrasts with the trend observed in drying rate performance. This suggests
that while polyester and microfiber components may support faster surface drying, they may also create a
more compact structure that restricts stesidye vapor transmsgion.The standalone results of the 37.5®
knitted fabric and microfiber fabric further confirm their strong vapor transfer capability, with microfiber
showing the highest water vapor permeability ove@@ti.the wholethe findings suggest thainctional

layers such as 37.5® knitted fabric and microfiber improve water vapor permeability, while fiber type,
structural compactness, and total thickness play important roles in determining the final vapor transport
behavior of multilayer underarm pad systems.

3.5 Transfer Wicking of the Samples

Considering the transfer wicking resu{isg. 1), clear differences were observed in the moisture transfer
efficiency of the tested fabrics. The 37.5® knitted fabric exhibited the most rapid and sustained moisture
trander, as reflected by the continuous weight loss in the wet fabric and corresponding weight gain in the
dry fabric throughout the test period. This performance can be attributed to its high porosity and effective
capillary structure, which promote efficiembisture movement under pressuir contrast, the microfiber

fabric showed the lowest transfer wicking performance. Its dense and tightly woven structure restricts
moisture migration, resulting in lower weight loss in the wet fabric and minimal wedgtirg the dry

fabric. This behavior is consistent with the moisttetentive nature of microfiber fabricsWhen
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comparing the shirting fabrics, the cotton/polyester blend demonstrated better transfer performance than
100% cotton. This can be explaingdthe smoother and less hydrophilic nature of polyester fibers, which
support more effective capillaigriven moisture transport than the more moistetentive cotton fibers.

This difference was patrticularly noticeable during the fir§titB0minutes ofhietestT he o val ues f ¢
wet and dry fabrics further indicated that most moisture transfer occurred during the initial stage of contact,
after which the transfer rate gradually plateaued. This suggests that capillary channels become increasingly
satuated over time, thereby limiting further moisture migratibaken together, the results show that fabric
structure and fiber composition strongly influence transfer wicking performance. Fabrics incorporating
37.5® technology exhibited the most efficianbisture transfer, while microfiber fabrics showed the
lowest. The cotton/polyester blend also outperformed pure cotton in facilitating cagiikeey moisture
transport, particularly at the early stage of contact.

3.6 Thermophysiological Comfort and Moisture ManagementProperties

The results indicate that the six multilayerderarmpad samples exhibit different thermbysiological

comfort profiles depending on their fiber composition and layer arrangement. Since underarm pads are
expected to pndde both thermal comfort and effective sweat management, the relationship between
thermal conductivity, thermal absorptivity, thermal resistance, heat flow rate, and OMMC is particularly
important.

In general, the incorporation of the 37.5® knitted laggaroved moisture management performance, while

the outer layer composition (cotton, cotton/polyester, or microfiber) played a major role in determining the
thermal sensation and heat transfer behavior of the pad struclimesbest moisture management
performance was achieved by the 37:6@ntaining structures without microfiber outer layers. In particular,

the C/P+37.5 knitted+C/P structure provided the most effective combination of liquid transport, spreading,
and oneway moisture movement, all of whielne essential for a high OMMC vallgy contrast, structures
containing microfiber showed lower OMMC values, even though microfiber improved some other comfort
related parameters such as drying rate or cool touch sensation. This suggests that mienpfileqy mith
surfacelevel moisture release, but not necessarily with thrabgtkness moisture transport, which is
critical for efficient sweat management in underarm pads

The Cotton+Cotton+Cotton structure showed a moderate thermal conductivity (A8d4&w thermal
diffusivity (0.0968), indicating that heat transfer through the structure occurs relatively slowly. Its thermal
absorptivity (143) andqx(396.8 W/m2) suggest a moderatesoft initial warm feeling when first touched.

In addition, its termal resistance (24.1) was lower than the 37cbftaining structures, meaning that its
insulation performance was relatively limited.

Compared to the atiotton version, the C/P+C/P+C/P structure exhibited higher thermal conductivity
(45.66) and highethtermal absorptivity (161), together with a noticeably highex @86.2 W/m?). This
indicates that the structure may feel cooler at first contact, since more heat is drawn rapidly from the skin
surface.

The Cotton+37.5 knitted+Cottorstructure exhibited dighly favorable comfort profile. Itshermal
conductivity (44.7yemained moderate, while itsermal diffusivity (0.123yvas higher than the fully cotton
structures, suggesting more efficient heat distribution through the pdHeiisal resistance (3) and
thickness (3.16 mmyere also relatively high, indicating improved insulation and structural bulk.

Among all samples, C/P+37.5 knitted+C/P showed the highest OMMC value (1.33), indicating the best
overall moisture management performance. This gtyotonfirms the positive contribution of the 37.5®
knitted layer, as well as the ability of the cotton/polyester layers to facilitate liquid spreading and transfer
more efficiently than pure cottofhermally, this structure also exhibited one of the niatgresting

profiles: it had the lowest thermal conductivity (42.3) among the six samples, but a relatively high thermal
diffusivity (0.144) and high thermal resistance (29.4). This suggests that the structure may not conduct heat
aggressively in steadgtate conditions, but can still redistribute transient heat efficiently while also
providing a degree of insulation. Itg.value (519 W/m?2) indicates a cool and refreshing initial touch
sensationTherefore, this sample stands out as the most succbatdnted structure in terms of both cool

touch sensation and moisture management, making it especially promising for underarm pad applications
where rapid sweat transfer and wearer freshness are important
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The Cotton + 37.5® knitted + Microfiber structueghibited a distinct thermal and moisture management
profile. It showed the highest thermal conductivity (45.8) and the highgstadue (558 W/m?2) among all

tested structures, indicating a strong capacity for heat transfer through the multilayer assembly. Since the
skin-facing layer in this structure is cotton, the initial thermal sensation perceived by the wearer is primarily
govemned by the cotton surface rather than the microfiber layer itself. Therefore, the.kigalge should

be interpreted not as a direct surface effect of microfiber on the skin, but rather as a consequence of the
overall thermal behavior of the entire nilalyer structure.The elevated g may be attributed to the
combined influence of the cotton inner layer, the 37.5® knitted intermediate layer, and the microfiber outer
layer, which together appear to facilitate efficient transient heat transfer acadruttture. In this sense,

the microfiber layer likely contributes indirectly by modifying the total thermal pathway and structural
compactness of the pad rather than by directly affecting skin contact sensation.

Despite this favorable thermal response, ©MMC value (0.55) remained only moderate, similar to that

of the allcotton multilayer structure. This suggests that although the structure supports effective heat
transfer, it does not achieve equally strong overall moisture management. This irtterpietzonsistent

with earlier transfer wicking and moisture absorption findings, where micrefib@aining systems
showed limited liquid transport despite favorable drying behavior. Therefore, this structure may provide a
thermally responsive and relatly dry-feeling performance, but it appears less efficient in sustaining
continuous sweat transport over time.

The C/P + 37.5® knitted + Microfiber structum@n the other handlisplayed one of the most distinctive
thermal profiles among the tested sdemsplt exhibited the highest thermal diffusivity (0.201) and the lowest
thermal absorptivity (95), indicating that heat can be redistributed relatively rapidly through the structure,
while the initial warm/cool sensation at the skaicing surface remaingomparatively moderate. Since the
skincontacting | ayer is C/ P, t he wearerds initial
cotton/polyester surface rather than the microfiber outer lay®ignax value (458 W/m2) was lower than

that of tton + 37.5® knitted + Microfiber and also lower than C/P + 37.5® knitted + C/P, suggesting that
although the structure supports heat diffusion, it does not generate as strong a transient cooling effect as
some of the other multilayer assemblies. This inayelated to the specific interaction between the C/P
inner layer, the 37.5® knitted layer, and the dense microfiber outer layer, which together influence the heat
flow behavior of the structure.

From a moisture management perspective, this sample dhawelatively low OMMC value (0.46),
indicating that the combination of C/P and microfiber creates a more compact and less +affisizing
multilayer assembly. The dense microfiber layer likely limits effective liquid spreading and interlayer
transfer,even though it may contribute to certain aspects of drying or thermal responsiveness. As a result,
this structure appears less effective in dynamic sweat management compared to theoBfabig
structures without microfiber.

Although a formal statistal analysis was not performed due to the preliminary pobabncept and
prototypedesign nature of this study, the performance deltas observed among the structures exhibit highly
distinct and conclusive trends. For example, the C/P + 37.5® knitted asS#Pbly demonstrated an
OMMC value of 1.33, which is more than double the values obtained from microGb&ining
counterparts (0.4®.55). Such substantial margins clearly differentiate the performance capabilities of the
proposed material combinatis.

3.7 Underarm Pad Design

Finally, the multilayer structure has been implemented in the design of a reusable underarm pad, for which
a utility model has been registered under the ti
003076). The dsign incorporates at least one fastening section to allow easy attachment to and removal
from a shirt, and features a curved shape achieved through a circular cut in the middle section to ensure
comfortable arm movement and prevent tightness in the underaa.
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Figure 2. Theunderarm padesign covered by the utility model

4. CONCLUSION

The present study systematically evaluated the impact of fiber composition and multilayer structure on the
moisture management, drying behavior, air and vgeomeability, and thermophysiological comfort of
underarm pad assemblies. Among the tested configurations, the inclusion of the 37.5® knitted layer
consistently enhanced moisture transfer, drying rate, and water vapor permeability, demonstrating its
critical role in facilitating effective sweat management. While microfiber layers contributed to rapid surface
drying and thermal responsiveness, they restricted thrthigkness moisture transport, resulting in lower
overall moisture management performance (@d8). The C/P + 37.5® knitted + C/P structure emerged

as the most balanced and effective assembly, achieving the highest OMMC value (1.33) and providing an
optimal combination of rapid sweat absorption, efficient moisture transfer, and favorable
thermophy®logical comfort. This structureeemtdbo e nef it from t he synergistic
high porosity and capillary action, combined with the liquid spreading capacity of cotton/polyester layers,
without the restrictive influence of dense midbefr. Overall, these findings highlight the importance of
integrating functional knitted layers such as 37.5® in multilayer underarm pad designs to maximize
moisture management while maintaining breathability and thermal comfort. The results provide a cle
framework for the development of higierformance, weareomfortoriented underarm pads that
efficiently manage sweat under dynamic conditions.
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ABSTRACT

The aging process leads to changes such as weakening of the musculoskeletal system, decreased bone
density, and loss of joint flexibility; as a result, older individuals face a higher risk of injuries from falls and

i mpact s. Since the knee is one of the critical j
degradation are commonly observed in elderly individuals. Such injuries not only affect physical health but
also reduce quality of life by impactingndi vi dual sé p sy c hlweingp §rotectvé and
clothing solutions such as knee pads which are developed to reduce the risk of injury, are generally thick
and rigid in structure. So, they cralderlylusemithereiaser 6
a need for protective solutions made of relatively lightweight, comfortable materials that enhance mobility.
Accordingly, in this study, we introduce auxetic fabrics that are developed using flat knitting technology to
address thaforementioned limitations of the commercial knee pads for elderly people. Moreover, in order

to ensure sustainability of the targeted product, Ne 8/1 and Ne 12/1 yarns made from Refibra/hemp and r
PET sustainable blends were employed for fabric developritbese blends provide excellent durability

and breathability while maintaining a smooth, comfortable touch. The study systematically investigates
how variations in auxetic knit structures and loop density settings influence the performance and design
sutability of hometype knee pads. In addition to auxetic performance of the developed fabrics, their
mechanical performance is evaluated in accordance with relevant textile standards. The findings
demonstrate that auxetic knitted fabrics can be desigreed@timized through the strategic selection of
manufacturing related variables for sustainable,-efisttive and comfortable protective knee pads
tailored to the needs of the aging population.

Keywords: Auxetic knitted fabric, comfort, hemp, krpsel, Refibra, elderly care.

INTRODUCTION

Aging is characterized by a progressive decline in bone mineral density, cartilage integrity, and joint
flexibility, rendering the musculoskeletal system increasingly susceptible to mechanical trauma [1, 2]. The
knee joint, as a critical lodolearing articulation, is disproportionately affected by-agated degeneration

and constitutes one of the most common sites ofdidted injuries in the elderly population [3]. According

to the World Health Organizatiorfalls are the second leading cause of unintentional injury deaths
worldwide, with adults over 60 years facing the greatest risk [4]. Consequently, the development of
effective, wearable protective solutions that maintain comfort and mobility is of seymtifclinical and
engineering importance.

Auxetic materials, defined by their negative Poi
property of lateral expansion under longitudinal tension and lateral contraction under compression [5, 6].
This unigue deformation mechanism endows auxetic structures with several mechanically advantageous
properties, including enhanced indentation resistance, superior energy absorption capacity, synclastic
curvature, and variable porosity under strain [7, 8pSe characteristics make auxetic textiles particularly
promising candidates for impaptotective applications such as knee pads, where conformability to
complex anatomical geometries and effective load distribution are essential design criteria [9, 10].

Among the various textile manufacturing techniques, weft knitting offers exceptional versatility for

producing auxetic structures through strategic manipulation of loop transfer sequences and stitch geometry

[11, 12]. Previous studies have demonstratetitiedt-knitted auxetic fabrics based on zigzagergrant,

and foldable architectures can achieve significant NPR values while maintaining the inherent flexibility and

drapeability required for wearable applications [13, 14]. The mechanical performdhese$tructures is

governed by several interdependent parameters, including yarn material properties, stitch density, loop
10k
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length, and the specific auxetic pattern employed [15]. Coarser yarns and optimized loop transfer sequences
have been shown to eniee the auxetic response by providing sufficient structural rigidity to resist loop
collapse during deformation [9, 16].

The growing emphasis on environmental sustainability in the textile industry has prompted increasing
interest in biebased and recyclddi ber alternatives [17]. Refibrak,
by Lenzing AG using recycled cotton scraps and wood pulp through the lyocell process, offers a reduced
environmental footprint compared to conventional viscose and virgin co@®nSimilarly, hemp fibers
provide excellent mechanical strength and moisture management properties while requiring minimal
pesticide and irrigation inputs during cultivation. Recycled polyethylene terephthalRE Yy derived

from postconsumer plastiwvaste, addresses the dual challenges of plastic pollution reduction and resource
conservation in textile manufacturing [19].

Despite the extensive research on auxetic textile structures and sustainable fibers independently, studies
investigating the integtion of sustainable fiber blends into auxetic weifitted constructions for
protective applications remain limited [7, 20]. Furthermore, existing commercial knee pad solutions for the
elderly predominantly rely on conventional rigid thermoplastic or ogkxstic foam materials that
compromise breathability and ergonomic conformity. Accordingly, this study aims to explore the
mechanical, dimensional, and thermophysiological comfort properties of auxeti&nitefd fabrics
developed from sustainable Refithemp and-PET fiber blends as alternatives to commercial knee pads
for elderly people. The specific objectives are to: (i) develop and characterize 86 auxetic knitted fabric
samples with varying structural parameters, (ii) evaluate the auxetic bel@vparmeability, and thermal
performance of the most promising configurations, and (iii) identify the optimal fabric construction that
balances protective functionality with thermophysiological comfort for hoggeknee pad applications.

EXPERIMENTAL ST UDY
2.1. Materials

The auxeticwetfk ni tt ed fabrics for knee pad prototypes w
using sustainable yarn blends. Two yarn counts were employed: 8/:pledq@nstruction) and 12/1 Ne

(8-ply construction), formulatefrom Refibra/hemp andRPET blends at varying composition ratios. Each

yarn configuration incorporated -t&nier 2ply elastangpolyamide gimped yarns to provide the necessary
elastomeric recovery for auxetic deformation. The detailed yarn specificatidredrresponding codes are
presented in Table 1.

Table 1. Yarn compositions and corresponding codes used in auxetic fabric production.

Yarn Code Yarn Type
8/1 Ne 80/20% Refibra/Hemp
8/1 Ne 50/50%-PET/Hemp
8/1 Ne 100%+PET
8/1 Ne80/20% rPET/Hemp
8/1 Ne 50/50% Refibra/Hemp
12/1 Ne 80/20%-PET/Hemp
12/1 Ne 80/20% Refibra/Hemp
12/1 Ne 100%-PET

X (N[O |WIN |-

2.2. Fabrication Method

Three distinct auxetic knitting structures, designated as Patterns A, B, and @egigned using the Apex4

Design System based on a comprehensive literature survey of established auxddnit \wedhitectures

[5, 11, 14]. All samples were fabricated on a Shima Seiki 112S\Vgage computerized flat knitting
machine using the sustabia 2-ply elastangépolyamide gimp yarn constructions described in Section 2.1.
Each of the three patterns was knitted at four stitch densities (40, 43, 46, and 49 stitch cam settings), yielding
a total of 86 unique fabric samples (3 patterns x 8 yarn #ypdsstitch densities, accounting for production
constraints). The digital knitting patterns and structural representations of Patterns A, B, and C are
illustrated in Figuresi13.
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Figure 1. APEX Digital Knitting Pattern and StructuBkepresentation of Sample A

Figure 2. APEX Digital Knitting Pattern and Structural Representation of Sample B

Figure 3. APEX Digital Knitting Pattern and Structural Representation of Sample C

2.3. Characterization Methods

All fabric samples were subjextt to dry conditioning for 72 hours at 20 £ 2 °C and 65 = 2% relative
humidity in accordance with ISO 139:2005, followed by wet relaxation to achieve dimensional stability
prior to testing. The following structural, dimensional, and comfort properties systematically
measured: stitch density (courses and wales per cm), fabric areal density (TS EN 12127), thickness (TS
7128 / EN ISO 5084), dimensional change after washing (ISO 6330), air permeability at 200 Pa pressure
differential (TS 391 EN ISO 9237)vater absorption time (AATCC 79), and porosity (calculated from
fabric density and fiber density). The auxetic behavior was quantified in accordance with the literature [18].

Thermophysiological comfort properties were evaluated using the Alambeta instruvhech measures
thermal conductivity (&, mW mLK), ther mal di ffus
and thermal resistance (r, m-K/W-m?2) under stestdye and transient heat flow conditions [21]. The heat

flow rate (P = gmax/gsteadgnd maximum heat flow density (gmax, W/m?2) were also recorded to evaluate

the warni cool feeling upon initial skin contact.
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RESULTS AND DISCUSSION
3.1. Structural and Auxetic Properties

The structural and dimensional properties of the severpeesirmingauxetic samples (selected from the
initial 86 based on confirmed NPR behavior) are summarized in Table 2. All seven samples exhibited
positive auxeticity values ranging from 2.06% to 5.49%, confirming the successful development of NPR
behavior through thdesigned knitting architectures.

Table 2. Structural and comfort properties of the seven highegterforming auxetic samples.

Sample Weight Thickness Porosity Water Abs. Air Perm. Auxeticity
Code (g/m?) (mm) (%) (s) (cm3/cm?/s) (%)
40C.7 125 4.87 80.6 38 31.93 3.00
43C.3 151 5.64 79.4 5 55.77 2.11
43C.5 156 4.53 77.2 12 45.80 2.11
46C.2 148 5.41 81.0 0 53.40 2.38
46C.8 137 3.96 77.0 43 77.77 2.90
40C.4 162 3.12 59.9 40 48.96 5.49
46C.7 160 4.75 82.4 4 39.27 2.06

Among all evaluatedonfigurations, the €oded zigzag pattern demonstrated the most pronounced auxetic
response, which is attributable to the strategic loop transfer sequences inherent in this architecture that
facilitate superior thredimensional deformation under tensteain [9, 14]. This observation is consistent

with Aghazadeh et al. [9], who reported that zighaged auxetic weknitted structures exhibit enhanced
formability and NPR characteristics compared tem&ant and foldable configurations. Sample 40C.4
(80/20% rPET/Hemp, 8/1 Ne, Pattern C, 40 stitch cam setting) achieved the maximum auxeticity of 5.49%,
which represents a notable magnitude for eftted textile structures and exceeds the NPR values
reported for similar constructions in prior studigs10].

Comparative analysis of yarn parameters revealed that the coarser 8/1 Ne yarns produced a higher auxetic
response than the finer 12/1 Ne yarns across all pattern types. This behavior is attributed to the increased
structural rigidity of coarser yas, which resists loop collapse during deformation and thereby promotes

the lateral expansion mechanism essential for NPR behavior [15]. Furthermore, a critical relationship was
observed between yarn twist level and auxeticity: the lower twist valuesthistic of the Refibra/hemp

blends provided the structural flexibility required for geometric rearrangement of loop elements, whereas
higher twist levels in certain-PET formulations constrained loop mobility and reduced the auxetic
response. This twisiependent behavior is consistent with the theoretical framework described by Nguyen

et al. [7], who identified yarn flexibility as a key determinant of NPR magnitude in textile structures.

3.2. Thermophysiological Comfort Properties

The Alambeta testesults for the seven auxetic samples with the highest NPR performance are presented
in Table 3. These data provide a comprehensive assessment of the thermal transport characteristics relevant
to skincontact comfort in knee pad applications.

Table 3. Alambeta thermal comfort test results for the highesperforming auxetic samples.

Sample Ther. Ther. Ther. Abs. Ther. Res. | Thickness Heat gmax
Code Cond. Diff. b r h Flow (W/m?)
= a (W-s%/m2-K) | (m-K/W-m?) (mm) Rate P
(mMW/m-K) (mm?/s)
40C.7 82.4 0.797 92.3 98.4 8.106 271.8 2.209
43C.3 66.1 1.709 50.6 158.4 10.479 157.5 1.919
43C.5 81.0 0.950 83.1 1094 8.857 189.3 1.785
46C.2 80.2 2.234 53.6 123.7 9.917 172.8 1.718
46C.8 61.0 1.064 59.1 165.2 10.078 161.5 1.943
40C.4 71.5 0.492 101.9 139.2 9.949 294.8 2.912
46C.7 70.0 0.607 91.0 119.8 8.490 240.7 1.884
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The high porosity inherent in the auxetic structures (ranging from 59.9% to 82.4%) ensures effective air
circulation through the fabric croesgction, which is a criticakquirement for prolonged skitontact wear

in home environments. Sample 46C.8 exhibited notably favorable thermal characteristics, with the lowest
thermal conductivity (61.0 mW/m-K) and the highest thermal resistance (165.2 m-K/W-m2) among all
tested sanips. This combination indicates superior thermal insulation capability, attributable to the high
entrapped air volume within the 1009RET fiber structure at the 12/1 Ne count. The relatively low thermal
absorptivity (59.1 W-s%/m2-K) of sample 46C.8 fntrsuggests a warm tactile sensation upon initial
contact, which is desirable for elderly users in domestic settings [21, 22].

Conversely, sample 40C.4, despite achieving the highest auxeticity (5.49%), exhibited the highest thermal
absorptivity (101.9 W/m2-K) and the maximum heat flow rate (P = 294.8), indicating a relatively cooler
initial contact sensation. This is explained by the lower porosity (59.9%) and more compact structure of
this sample, which promotes conductive heat transfer from the waces. The thermal conductivity of

40C.4 (71.5 mW/m-K) falls within the intermediate range, suggesting that while the high auxetic response
provides excellent mechanical protection, the thermal comfort profile requires careful optimization of
structural prameters.

3.3. Air Permeability and Moisture Management

Air permeability, measured at a pressure differential of 200 Pa, ranged from 31.93 to 77.77 cm3/cm?/s across
the seven auxetic samples (Table 2). Sample 46C.8 achieved the highest air permé&abilign{¥cm/s),

which is attributable to the combination of the finer 12/1 Ne yarn count that produces a more open fabric
structure with welconnected interpore channels [23]. This value substantially exceeds the air permeability
of conventional foanbased knee pads, which typically exhibit negligible breathability due to their closed

cell structure [3].

The relationship between water absorption, porosity, and thickness in the auxefaittedt fabrics is
closely interconnected, though nbmear due ¢ the additional influence of loop geometry, yarn
characteristics, and fiber hygroscopicity [24]. Higher porosity generally facilitates greater water uptake
through enhanced capillary action across interconnected pore networks. Samples 40C.7 (po68sity: 80.
water absorption: 38 s) and 46C.8 (porosity: 77.0%, water absorption: 43 s) exemplify this relationship,
exhibiting moderat&o-high porosity with correspondingly longer water absorption times, indicating that
water is retained within the fabric strupt rather than rapidly passing through.

However, when pores become excessively large or insufficiently interconnected, water may transit through
the structure without retention, reducing the overall moidtotding capacity. Samples 46C.7 (porosity:
82.4%, water absorption: 4 s) and 46C.2 (porosity: 81.0%, water absorption: 0 s) demonstrate this
phenomenon, suggesting a fundamentally different pore geometry characterized by large, interconnected
channels that facilitate rapid throughflow rather than gignr. Thickness influences the total water
storage capacity, as thicker fabrics contain more fiber material and greater internal volume for moisture
retention. Samples 43C.3 (thickness: 5.64 mm, water absorption: 5 s) and 46C.2 (thickness: 5.41 mm, water
absorption: 0 s) demonstrate that increased thickness with high porosity can yield rapid uptake with limited
retention in loose structures [22, 24]. Overall, moisture management performance in auxekiutieeift

fabrics is governed by a complex interpkstween porosity, thickness, fiber hygroscopicity, and structural
configuration.

These results collectively demonstrate that by optimizing stitch length, pattern geometry, and fiber
composition, sustainableRET and Refibra/hemp blends can effectivelglaee conventional synthetic
materials, providing a lightweight, breathable, and ergonomic protective solution tailored for the aging
population. The superior overall performance of sample 46C.8 (1O%E4 r12/1 Ne, Pattern C, 46 stitch
length setting) cafirms the feasibility of achieving a balanced configuration that simultaneously addresses
auxetic protection, air permeability, and thermal comfort requirements for-bsenenee pad applications.

CONCLUSION

This study systematically developed and charastd 86 seamless, efreendly knee pad fabrics
incorporating auxetic weknitted architectures produced from sustainable Refibra, hemp;REad fiber
blends. The comprehensive evaluation revealed that fabric structural parameters, yarn compusition, a
stitch density exert significant influences on auxetic behavior, air permeability, and thermal comfort
performance.
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The zigzagbased Pattern C consistently outperformed Patterns A and B in terms of NPR magnitude,
confirming the superiority of zigzag Ipdransfer architectures for achieving pronounced auxetic behavior
in weft-knitted textiles. Although sample 40C.4 demonstrated the maximum auxeticity (5.49%), its
relatively low porosity (59.9%) and elevated thermal absorptivity limit its suitabilifgrfdonged domestic

wear. Sample 46C.8 (100%PET, Pattern C, 46 loops) emerged as the most balanced sustainable
configuration, combining a robust auxetic response (2.90%) with the highest air permeability (77.77
cm3/cm?/s), favorable thermal resistancé52 m-K/W-m?2), and a warm contact sensation suitable for
elderly home use.

The findings establish that optimal knee pad design for the elderly requires -@injedtive optimization
approach balancing auxetic expansion, breathability, and thermal comftute research directions may
include: (i) dynamic impact testing under simulated fall conditions to quantify energy absorption
performance, (ii) integration of shetirickening fluid (STF) layers to enhance impact mitigation [20], (iii)
extended wearitals with elderly participants to validate subjective comfort assessments, and {gyklife
assessment (LCA) of the sustainable fiber blends to comprehensively evaluate the environmental benefits
of the proposed material system.
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DESIGNING STRENGTH AT THE SEAM: JOINING STRATEGIES FOR
WOOLTCORDURA HYBRID TEXTILES

Nur Secgih, ¥z ge ¢ ol a'kMe¥ke Cavdmlr, lmr s e ma P @igar AtAlay ¢ Emine
Dilara Kocak

'Aymar ka Majazéceleéek A. k.
Marmara University
’Kstanbul Technical University

ABSTRACT

Seamperformance is a critical parameter determining the durability and functional integrity of textile
products, especially in higherformance fabrics such as Cordbesed materials. This study investigates

the effect of different joining techniques, incladiultrasonic welding and conventional sewing methods,

on the seam strength of a woven fabric composed of 69% wool, 29% Cordura (polyamide), and 2% elastane.
Ultrasonic bonding was applied at 140°C, 20 seconds, and 5 bar pressure, while conventionaészams
produced using polyester sewing threads of different linear densities (Tex 120 and Tex 50) and stitch
configurations (single and double needi®&@am strength tests were conducted according to 1ISO 23935

and tensile strength and tear strength t@ste performed in accordance with ISO 13934nd ISO 13937

1, respectively. Results revealed that ultrasonic seams exhibited significantly lower seam strength values
(5.62 7.94 kgf), failing to meet the required minimum threshold of 10 kgf. In cont@steational sewn

seams demonstrated superior performance, with seam strengths ranging from 39.46 to 58.4 kgf. The highest
values were obtained from doubieedle sewing configurations, highlighting the importance of stitch
structure. Failure analysis indated that seam failure predominantly occurred due to sewing thread
breakage rather than fabric rupture, suggesting that the fabric strength exceeded seam strength. The results
confirm that ultrasonic welding is not suitable for fabrics with high-themmalastic fiber content such as

wool. The findings provide important insights for optimizing seam performance in hybrid textile structures
and contribute to the understanding of joining technologies in technical textiles.

Keywords: Cordurafabric, Hybrid textile structures Seam strength Sewing parametersUltrasonic
welding
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DEVELOPMENT AND ENVIRONMENTAL EVALUATION OF
REUSABLE WOVEN FILTERS FOR MICROFIBER EMISSION
REDUCTION

Gokce Sakmat, Hande Sezgif Ipek Yalcin-Enis!
L1stanbul Technical University, Faculty of Textile Technologies and Design, Textile Engineering Department, Istanbul, Tlrkiye.

“sakmarl5@itu.edu.tr

ABSTRACT

The increase in the occurrence of microplastic pollution in both water and land ecosystems has become a
major concern in the field of environmental science. The main contributor to microfiber pollution in water
bodies is domestic laundry, and most sewaggiinent plants do not filter these miaiaed fibers, causing

them to flow into natural water resources. To filter these microplastic pollutants at their source, this research
aims to design and test filters made from woven polyester fabric, which cesedhén household washing
machines.The research method in this project involved creating plain woven fabrics with two different
weft densities (17 and 33 picks per cm) to investigate their effect on filter effici€heyprototypes
designed in this research were first physically testsdithen their filtration performance was assessed
using avacuum filtration test. The research further discussed the importance of the sustainability of the
filter, and using the Higg Bterials Sustainability Index method, the carbon footprint of the most efficient
filter was calculated. The results demonstrate that plain weave fabric with a higher weft density of 33 picks
per cm achieved a microplastic filtration efficiency of 96.60¢gnificantly outperforming fabric with

lower weft densit. Life cycle assessment results indicate that the-hpegformance woven polyester filter
exhibited a low carbon footprint due to its reusability. Moreover, its-teng contribution to mitigating
microplastic pollution suggests substantial environmental benefits.

Keywords: Microfiber, Filtration, Laundrymachine Woven fabric

1. INTRODUCTION

The presence of microscopic pollutants in ecosystems has come to represent an iepagrtammhental

crisis over the last few years [1]. Specifically, microplastics and synthetic textile materials have received
significant scientific attention owing to their widespread presence and adverse effects on biological health
[2]. Researchers haveedén able to identify these microfibers in various ecosystems, ranging from urban
wastewater to the Arctic environment [3]. Although the plastic waste is currently being effectively managed
on land, studies have shown that the concentration of microplastits ocean is expected to double by
2030, thus calling for immediate intervention by scientists and regulatory authorities [4].

The breakdown of plastic waste in marine ecosystems gives rise to microplastics, which measure between
1 mm and 5 mm, and naplastics, which measure between 1 nm and 1 mm, and have significant impacts
on living organisms [5, 6, 7] The source of microplastics is varied, including the use of microbeads in
personal care items and the release of synthetic fibers during washirge[&xtile industry is one of the
primary contributors to microplastic pollution, with microfibers making up between 15% and 31% of the
total 9.5 million tons of plastic waste that enter the ocean annually [8, 9]. Synthetic clothing, which makes
up almoshalf of global clothing production, releases microplastic fibers during regular laundry cycles [10].
The released fibers move through the wastewater treatment system, often evading filtration systems because
of their small size, and eventually enter tharime ecosystem [11]. A single laundry cycle can release up

to 700,000 individual fibers, and it is projected that between 2015 and 2050, 22 million tons of microfibers
will enter the marine ecosystem if the current trend is allowed to pelr$idt]] .

Investigation into household laundering as a primary source of microplasticsnented more thana
decadeago, showing that specific washing parameters significantly influence the volume of fiber release
[13]. A typical 6 kg laundry load can generate o¥@0,000 particles, a number that can surge to six million
under certain conditions [11, 14]. Consequently, laundry wastewater that is either unfiltered or inadequately
treated is recognized as a major factor in the buildup of microplastics within mavinenenents [11].
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Although the initial scientific investigation mainly focused on synthetic materials, emerging research has
revealed that natural fibers, such as cotton and wool, also remain in the environment and pose ecological
risks [3]. While fibers omposed of cellulose tend to degrade at a faster rate, they also tend to be dyed with
toxic chemicals, which can be harmful to aquatic life [2 ,3] . Laboratory tests have also revealed that natural
cotton fibers can interfere with the physiological develept of aquatic life [2]. Additionally, natural

fibers tend to lose a higher number of fibers during the washing cycle, owing to their intrinsic structural
properties, as opposed to their synthetic counterparts [15].

Until such time as source reductionngproved, the installation of specialized microfiber filters in washing
machines is still a top priority [9]. The effectiveness of such a filter is dependent upon a complex
interrelation of various properties, including fibers, yarn compaosition, and btedike architecture [16].

Factors such as cressctional shape arfiber diameter play a crucial role in balancing the effectiveness

of the filter, water flow rates, and power consumption [17, 18]. The shape of the fibers also plays a role, as
does thdype of yarn used, whether monofilament or multifilament, which poses the challenge of balancing
throughput rates with entrapment effectiveness [16, 19]. Furthermore, the weave pattern also has a
significant role to play, requiring a comprehensive apgrdacachieve optimal mechanical effectiveness

[19].

The objective of this study is to design woven textile filters using draw texturize polyester multifilaments
with two different weft densities (17 and 33 picks per cm) to control microfiber emissioing dioe
laundering process. The novelty of the study lies irdémgnof reusable and washable filter that can be
easily integrated into washing machine desigms evaluation of its environmental impact.

2. EXPERIMENTAL STUDY

2.1 Material s

In the current research, 36 filament, 100 denier, draw texturized 100% polyester yarns were provided by
Tepar Textile. In order to model the microfibers commonly shed by textiles during laundering, the study
utilized 2Gmicron flock fibers provided by Flokcan.

2.2 Methods
2.2.1 Physical Tests

The mass per unit area of the fabric specimens was determined in compliance with the TS 1SO 3801
standard.The measurements were taken at three distinct locations on each specimen and results were
documented as the mean and standavihtien for each respective group.

2.2.2 Vacuum Filtration Test

To replicate the filtration environment of a domestic washing machine, a custom labscati@yacuum

filtration assembly was developed. The apparatus utilized a water ejector driveervdguum pump
maintained at a constant pressure of 2 bar. To ensure a stable vacuum and prevent atmospheric interference,
the filtration fluid was fed through a hermetically sealed intake. Circular fabric specimens, 45 mm in
diameter, served as the fili@ membranes, with triplicate testing conducted for each fabric variant. The
experimental filtration medium comprised 0.5 g ofzron flock fibers dispersed in 100 mL of water,
serving as a proxy for microplastic pollutants. Following the vacassmsed filtration of this mixture, the
captured fibers were harvested on the fabric's surface. The specimens then underwent a drying stage at
120°C for 60 minutes, followed by a conditioning period to reach moisture equilibrium. The actual amount

of fiber retaned was then determined using a hpgkcision balance (Sartorius TE313S). Finally, the
filtration efficiency and hence the capability of each fabric to filter microfiber was determined by the
gravimetric difference between the two measurements.

2.3 Environmental Impact Assessment

Following the approach to the analysis of the filtration performance, the ecological profilesefabied

filter was also considered. The study was conducted according to ISO 14067:2018, and a solid foundation
for calculatingthe carbon footprint of the product was developed. The study had a-tragte scope,
covering the production of raw PET materials, yarn production, transport, and weaving. As the filters were
only produced by weaving, without any additional chemiegtment, dyeing, or finishing, the use phase,
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packaging, or endf-life phase were not considered in the study. The functional unit (FU) was defined as

a single reusable woven filter measuring 100 cm? with a mass of 0.79 g (ConfiguratiB88RE&rving

as the primary reference for all inventory scaling and impact hirogleGiven that the production process
yielded a singular output, allocation procedures were unnecessary. Life cycle inventory (LCI) data were
synthesized from Ecoinvent v3.11, DEFRA (2p2hission factors, and electricity grid datasets from the
Republic of Turkiye Ministry of Energy and Natural Resources. Logistics were calculated based on a
cumulative road distance of 705 km, accounting for the transport of polyester yarn from |siciBigat

(289 km) and the subsequent delivery of finished
restricted to the electricity consumed during the weaving process, to the extent that heat energy and water
were not considered. In order to maint consistency with the industry standard, the study was
complemented by the Higg Materials Sustainability Index (Higg MSI) and the Higg Product Module. The
overall structure was provided by ISO 14067, while the standardized secondary inventory values for
polyester materials were provided by Higg MSI. The study focused on four key environmental impact
categories: global warming potential, water scarcity, eutrophication potential, and fossil resource depletion.

1. RESULTS
1.1 Physical Test Results

Increasingthe weft density from 17 to 33 picks/cm significantly raised the basis weight-iia8&nt
samples from 680 g/m2 in PET17 to B.00g/m2 in PET33. An increase in weft density clearly results
in a higher cover effect, since more yarns per lamgth contribute to greater surface occupation and
structural compactness [20].

1.2 Vacuum Filtration Protocol

The filtration analysis indicates that the RE3 specimen, characterized by af@ment yarn, plain weave
structure, and high weft density, aehéd the highest filtration efficiency (96.60%), outperforming the
PET-17 specimen, which exhibited a filtration efficiency of 92.3004s demonstrated that a textile's
filtration performance is enhanced when the material possessesyatgiount anda compact physical
structure that minimizes gaps in the weave [21, 22].

3.3.Environmental Performance of the Woven Microplastic Filter
3.3.1. Environmental Impact Assessment and Life Cycle Results

In accordance with the Higg MSI inventory benchmarks for polyester textiles, the global warming potential
was establ i s heggeerkilbgrath 8f materiéd. yVhed @djusted to the specific functional unit

of this study, the initial manufacturingimpc t i s ap pr o x i -aggpereclsgblelilterOFUrtherk g CC
environmental indicators derived from the Higg MSI dataset revealed an eutrophication potential of 0.005

kg P®Og/ kg, a wat er s c areg/kgtand fasgil cesource ddpbn #alu8ddat 168 H O
MJ/ kg. On an individual uni t bag, s3.-dgaEdORS6®@ME Tt r i C S
respectively.

Operational data indicated that producing 300 m2 of woven fabric required 68 kWh of electricity, enabling
the manufacture of approximately 30,000 filters over aho@r weaving periodThe comprehensive
environmental profile suggests that the impactsrduthe production stage are minimal and primarily
driven by the synthesis of the polyester raw material. Conversely, the weaving process accounts for a
significantly lower proportion of the total impact, a direct consequence of eliminating entygsive
finishing and chemical treatment stages.

3.3.2. Interpretation of Environmental Performance in Relation to Filtration Efficiency and
Microplastic Mitigation

The Life Cycle Assessment (LCA) demonstrates that the majority of the environmental impact associated
with the production of the single filter comes from the production of the raw materials, but the filter's
excellent efficiency and its ability to be reused contribute to its positive environmental impact. The
optimized PET33 configuration achieved a micropti retention rate of 96.60% in laboratory trials. Such
high performance facilitates the effective sequestration of synthetic microfibers during laundering, which
is a process identified as a primary contributor to aquatic microplastic contaminatioardReseggests

that microfiber shedding during washing ranges from 124 to 308 mg per kilogram of textile, which

11E



INTERANATIONAL

International Textile & Fashion Congress

filnnovate , I ntegrate, I nspire: The Future of ITFC

28-29 April 2026, Istanbul, Turkey

NOIHSVS ¥ FWLXRL

CONOGRESS

translates to the release of roughly 640,000 to 1,500,000 individual filBgr€fhsequently, even a partial
interception of these dischargemstitutes a substantial and measurable environmental intervention.

In contrast to disposable mitigation strategies, this filter is engineered for prolonged, repeated application
without compromising structural stability or filtration capacity. The medamesilience of the woven
polyester architecture ensures that the initial production impacts are amortized over numerous washing
cycles, thereby drastically lowering the environmental footprint per use. Consequently, the preduction
phase impact of approxmat el y 0-edperlunitisarvesGa®a etime environmental investment

that provides continuous prevention of microfiber leakage throughout its functional lifespan.

Methodologically, the ISO 14067 standard indicates that avoided emissions shdwdddeolucted from a
product's carbon footprint. Therefore, the reported numbers account only for direct emissions from the
production process. Nonetheless, preventing microfiber emissions provides an additional environmental
benefit, slightly improving te LCA resultsThis decision is also supported by the Higg MSI framework,
which suggests considering the mittipact approach to material efficiency and longevity.

The decision to use polyester as the primary material is critical in achieving the tdameen the initial
environmental impact and the product's longevity. Although it is derived from fossil fuels, the polyester
fabric's resistance to mechanical, chemical, and wet environmental exposure makes it suitable for long
lasting filtration processe[24]. On the other hand, natural materials may be biodegradable, but their
tendency to degrade easily when wet may compromise the filtration process and require frequent
replacement [2].

At a systemic level, the ecological ramifications of the brezdk implementation of these filters are
notably profound. Manufacturing data reveal that ahbér production window, requiring only 68 kWh of
electrical energy, yields approximately 30,000 filter units. Integrating these reusable membranes, capable
of sealestering over 96% of liberated microfibers, into an equivalent volume of domestic washing machines
would drastically curtail the influx of microplastics into wastewater infrastructure and subsequent aquatic
ecosystems. This inherent scalability, coupleithwhe minimal pewunit environmental footprint of
production, underscores the filter's viability as a pragmatic and potent-smmicel strategy for mitigating
microplastic contamination.

4. CONCLUSION

In this research, two different polyesfdain woven textiles were fabricated to assess the effect of weft
density on the efficacy of microfiber filtration media for domestic laundering. The experimental outcomes
indicate that higher weft density specimen (PE) demonstrated the higher filtration efficty at

96.60%. While this fabric emerged as the most effective candidaiéy itresting within functional washing
machine environments was outside the current research scope. Given that optimal filtration must be
equilibrated with hydraulic permeabilitgnd pressure drop, subsequent evaluations under authentic
laundering conditions are warranted. From the environmental assessment, it can be determined that the
woven microplastic filter has a minimal ecological footprint during the production phaselicged by

the cradleto-gate life cycle analysis. The carbon footprint per unit is also low, primarily because of the
production of the polyester substrate. The fact that processes such as dyeing, finishing, and chemical
modifications are not required the production of this filter also helps in reducing the overall energy and
materials used in the production phase. When the high efficiency of the filter in retaining pollutants is
combined with its reusability, the results suggest that there is a févdabnce between the production
phase and the overall reduction in the discharge of pollutants. Thus, this polyester filter can be considered
an ecologically viable souremntrol measuréor reducing microfiber discharge from domestic washing
machines.

While in-situ testing within fully functional domestic washing machines was outside the immediate scope

of this preliminary study, the custom laboratagale vacuum filtration protocol was rigorously designed

to simulate realorld operating conditions. g&cifically, the operating pressure was maintained at a
constant 2 bar, directly referencing the average hydraulic pressure values encountered in standard domestic
washing cycles, thereby ensuring the practical relevance and baseline validity of thenfiifciency

results. Nevertheless, to comprehensively transition from laborstatg prototyping to reavorld
integration, subsequent evaluations under authentic laundering environments are essential. Future research
directions will expand upon thedindings by explicitly focusing on lorAgrm structural durability, isitu
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pressure drop profiles, and continuous hydraulic performance under realisticcynldtidomestic
operating conditions.
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ABSTRACT

Wearable textildbased sensors are promising for continuous human motion monitoring due to their
flexibility, comfort, and garment compatibility. In this study, a textiEsed capacitive sensor with a
layered slidingelectrode architecture was developed jbint motion monitoring. The sensor consists of

two faceto-face comHike textile electrodes separated by a dielectric layer and initially positioned without
overlap. During joint motion, relative sliding between the electrode layers increases thige=tieerlap

area, resulting in a measurable capacitance change. The sensor was characterized using a tensile tester and
a customized fixture that simulates jolike deformation. The results showed stable and repeatable
electromechanical behavior, with clear increase in normalized capacitance response as a function of
crosshead displacement and high fitting accuracy in the effective response region (R2 = 0.99). The response
delay was approximately 0.08 s, and cyclic testing over 1000 cycles indiaatsiynificant signal
degradation. Wearable demonstrations during squat motion further confirmed that the sensor can monitor
repetitive lowetbody movements, with a stronger response at the knee than at the hip. Overall, the proposed
sensor offers a simpknd promising approach for garmémtegrated joint motion monitoring.

Keywords: Textile sensor, Capacitive sensor, Wearable motion monitoring, Slidieigap, Smart textiles

1. INTRODUCTION

Wearable textildbased sensor systems hatéracted increasing attention for réimhe monitoring of

human motion due to their flexibility, comfort, and ability to be directly integrated into garmé3fs [1
Compared with conventional motion monitoring systems, tekfied sensors offer a moreitable
approach for longerm and unobtrusive monitoring, particularly around joints where repeated bending and
deformation occur [24]. Among wearable sensing mechanisms, capacitive sensors are promising because
they respond to geometric and dielecth@eges and can provide stable and repeatable signals for motion
tracking applications [1j%]. Textile-based capacitive sensors can be designed using different structural
configurations, including planar and layered architectures [8]. Planar interdigitztlises mainly rely on

in-plane electric field modulation [7,9], whereas layered structures typically consist of opposing electrodes
separated by a dielectric layer, where capacitance changes are associated with variations in electrode
spacing or effectie overlap area [8,10]. Previous studies have also shown that relative displacement
between conductive layers can modulate capacitance through changes in electrode overlap area [11,12].
Based on this principle, this study proposes a tektilged capacitevsensor with a layered slidhadectrode
architecture. The sensor consists of two ftmeace comHbike textile electrode layers that are initially
positioned without overlap. During joHike motion, relative sliding between the layers increases the
effective overlap area, producing a measurable capacitance change. The aim of this study is to evaluate the
proposed sensor in terms of electromechanical response, crosshead displeslatedntapacitance
behavior, cyclic durability, pressure cresmnsitvity, and wearable applicability.
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2. EXPERIMENTAL STUDY
2.1 Sensor Fabrication and Working Principle

The sensor was fabricated using sitp&ated polyamide woven fabric as the conductive electrode material,
linear lowdensity polyethylene (LLDPE) film as tligelectric layer, and an elastic textile substrate. Low
extensibility yarns were placed along both sides of the electrode region to improve dimensional stability
and limit undesired stretching of the sensing area. The structure consists of o feamecomblike

textile electrode layers separated by a dielectric layer, as shown in Figure 1. Four sensor designs with
electrode finger widths of 0.3, 0.6, 1.2, and 2.4 cm were prepared to examine the effect of electrode
geometry. In the initial state, theeetrode fingers were positioned between the gaps of the opposite
electrode layer without overlap. During joiike deformation, the electrode layers slide in opposite
directions within the unbonded sliding region, increasing the effective overlap argheaefibre the
capacitance.

Figure 1. Exploded schematic illustration of the proposed textdeed slidingglectrode capacitive
Sensor.

2.2 Electromechanical Characterization

The sensor was tested using a tensile tester equipped with a custixtiredThe sensor ends were fixed,

while a rigid indenter attached to the crosshead applied localized deformation to the central region. Force,
crosshead displacement, and capacitance were recorded simultaneously duringuobudidiong tests at
300mmmi n 1T. The normalized capacitance change was

2.3 Pressure, Cyclic Durability, and Wearable Demonstration

Pressure crossensitivity was evaluated using the 2.4 cm firgéaith sensor under predefined overlap

levels from 0 to 2.4 cm and exhal loads from 50 to 500 g. Cyclic durability was tested over 1000 loading
cycles. For wearable demonstration, the sensor was integrated into leggings at the hip and knee regions,
and capacitance signals were recorded during repeated squat movements.

3. RESULTS

Electromechanical Response and Crosshead Displacement Behavior

Figure 2(a) shows the synchronized force, crossh:
of the 1.2 cm fingewidth sensor during 10 loadihgnloading cycles. As the@sshead moved downward,
the applied force and @C/C increased simultaneo

sensor under joidike deformation. During unloading, the capacitance signal returned close to its initial
level, and repeatedycles showed similar response profiles, indicating reversible and repeatable sensor

behavior. The relationship between @C/C and cro
beginning of loading, the capacitance response remained limitedagptoximately 15 mm of crosshead
displacement, indicating an initial lewe s ponse region. After this stage
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further crosshead displacement, corresponding to the effective shdantap response region. A secend
order mlynomial fit applied to this region showed high fitting accuracy (R? = 0.99), demonstrating a strong
relationship between crosshead displacement and the electrical response.

(a) (b)
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Figure 2. Electromechanical response of the 1.2 cm fingieith sensor(a) synchronized force,
crosshead travel, and nor mal i zed Tardopdngdydlesh) ce r es
normalized capacitance response as a function of crosshead dispiace

3.2 Effect of Electrode Geometry, Response Delay, and Cyclic Durability

Figure 3(a) compares the normalized capacitance responses of sensors with electrode finger widths of 0.3,
0.6, 1.2, and 2.4 cm as a function of normalized crosshead displacemeft4 Tne sensor showed the

highest response, followed by the 1.2 cm sensor, whereas the 0.3 cm and 0.6 cm sensors exhibited lower
responses. This indicates that electrode finger width is an important design parameter for tuning the sensor
response. The meahicatto-electrical response delay was determined from the initial loading stage, as
shown in Figure 3(b). The onset of crosshead moti
the baseline noise band, and the delay was found to be apprlxith@8B s. Cyclic durability was evaluated

over 1000 loading cycles, as shown in Figure 3(c). The sensor maintained a stable response without evident

signal degradati on. The initial and final peak
correspoding to a retained response of 100.41%.
(a) (b) (©)
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Figure 3. Electrode geometry effect, response delay, and cyclic duraldljtgormalized capacitance
responses of sensors with different electrode finger widths as a function of normalized crosshead
displacement{b) enlarged initial loading stage used to determine the mechdoiesdctrical response
delay;(c) cyclic durabilityof the 1.2 cm fingewidth sensor over 1000 loading cycles.
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3.3 Pressure CrossSensitivity and Wearable Demonstration

Pressure tests showed that oC/C increased with
the limited response at low oveplaonfirms that slidingnduced overlap variation is the dominant sensing
mechanism. For wearable demonstration, the sensor was integrated into leggings at the hip and knee
regions. During squat test s, b ot h withearhighenrespomse o d u c «
at the knee due to larger deformation, as shown in Figure 4(a). The gamtegrated sensor configuration

is shown in Figure 4(b), demonstrating the applicability of the sensor for-lmyasr motion monitoring.

(@) (b)

ACIC, (Hip)
—— AGIC, (Knee)

Figure 4. Wearable demonstration of the proposed textile se(esanormalized capacitance responses
( pC/ C Jandkmeanolnted sensors during 10 squat cydekintegration of the sensor into
leggings at the hip and knee regions.

4. CONCLUSION

In this study, a textilbased capacitive sensor withagered slidingoverlap architecture was developed

for wearable joint motion monitoring. The sensor operates through slitiluged overlap variation
between facdo-face textile electrode layers, distinguishing it from conventional planar or tensile
defamationbased capacitive textile sensors. The experimental results demonstrated stable and repeatable
electromechanical behavior, a clear relationship between crosshead displacement and normalized
capacitance response, a short response delay of 0.08 tahtedcyclic performance over 1000 loading
cycles. Wearable lowdrsody demonstrations further confirmed that the sensor can monitor repetitive
motion in a garmenintegrated configuration. Overall, the proposed design offers a simple and effective
appro&h for textilebased wearable motion sensing applications.
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ABSTRACT

The growing demand for sustainable textile products has increased interest in alternative fibers for hosiery
applications. In this study, socks produced from secondary cellulose acetate fiber were investigated in terms
of dyeing performance and color fasts properties. Dyeing was carried out at 85, 95, and 100°C for 30
and 60 min in order to determine the effect of temperature and time on product performance. After dyeing,
the samples were evaluated for color fastness to washing, water, and persgogadrer with pH
measurements. The results showed that dyeing conditions significantly affected fastness behavior. Among
the tested parameters, the 1008C min condition provided the most balanced overall performance, while
lower temperature conditions \galess satisfactory results in some fastness tests. The pH values of all
samples remained within the acceptable range. The findings indicat€dhalose Acetatdiber has
potential for sustainable sock production when appropriate dyeing conditicayspdies.

Keywords: CelluloseAcetate SustainableSocks,DisperseDyeing,Color Fastness

1. INTRODUCTION

Cellulose acetate nanofibers (CANF) have received growing attention in textile research because of their
notable characteristics, such as high absorption capacity, mechanical strength, and antimicrobial
performance, as highlighted in previous studigsb]1The dyeing behavior of CANF has also been
examined by several researchers using different dye classes, including disperse, vat, and reactive dyes, as
well as various application methods such as-gigd ultrasonic, and higtemperature dyeing {@B].

Beyond their dyeability, CA fabrics are known for properties such as softness, luster, breathability, color
retention, and versatility, which make them attractive for a variety of fashion and textile uses (9). Their
moisturemanagement capability also allow# @bers to transport moisture away from the skin, thereby
improving wearer comfort (10). Cotton, in contrast, is one of the most important and widely used natural
textile fibers. It is extensively employed in textile production because of its desirapkrpes, including
moisture absorbency, breathability, comfort, thermal insulation, and biodegradability (11,12). Its durability
and ease of use have made it a preferred choice for both producers and consumers worldwide.

As the textile market continues évolve, there is a growing demand for materials that can simultaneously
offer comfort, durability, and sustainability. To address both consumer expectations and environmental
concerns, textile designers and manufacturers have increasingly turned tdbigimdcs as a practical
alternative. In this regard, blends of CA and cotton have attracted considerable interest (13), as they
combine the favorable characteristics of both fibers while minimizing their individual disadvantages.
Cotton contributes sofeéss and breathability, whereas CA enhances strength and dimensional stability (14).

Within this framework, the present study concentrates on the development of sustainable sock structures
based on cellulose acetate yarns as an alternative to conventighbsbck materials. The primary aim is

to examine the suitability of cellulose acetate fibers for hosiery applications, either on their own or in
combination with other fibers, and to determine the most appropriate dyeing conditions for the developed
so structures. To achieve this, the study evaluates the influence of dyeing temperature and time on the
color fastness performance of the socks, while also taking into account the compatibility of cellulose acetate
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with disperse dyeing. In addition, the dyuseeks to explore the feasibility of a singkth dyeing process
for practical and sustainable production, and to identify the optimum process parameters in terms of product
performance and engse suitability. Top of Form

2. EXPERIMENTAL STUDY

The experimatal study was planned to determine the most suitable dyeing conditi®@allidose acetate

based socks. Sincgellulose Acetatds dyed with disperse dyes, disperse dyeing was selected as the
coloration route. The two main independent variables dgaag temperaturanddyeing time. Based on

the project plan, three temperature levels and two time levels were studied, resulting in six dyeing
conditions:85°C/30 min, 85°C/60 min, 95°C/30 min, 95°C/60 min, 100°C/30 min, and 100°C/60 min.

This design washosen because, although cellulose acetate fibers are generally considered dyeable at
around 85°C, the optimum temperaiumme combination had to be verified experimentally for sock
structures containing additional components such as polyester and pldyarherefore, the dyeing
temperature and the holding time at the target temperature were systematically varied, and the dyed samples
were comparatively evaluated.

2.1 Materials

In this study, socks containing secondary cellulose acetate yarn were selected as the main material.
Cellulose Acetatas yarn derived from renewable wood pulp and dyed with disperse dyes. The sock
structure was developed as a reinforced design in whictoéhand sole regions were strengthened because
preliminary trials indicated that cellulose acetate alone was not sufficiently resistant to abrasion and pilling
for these critical zones.

The patented sock construction describes a blended structure icantgproximately 60% cellulose
acetate, 30% recycled polyester, 3% elastane, and 7% polyamide.

Table 1.Experimental Design

TEMPERATURE DURATION
S1 85 30
2 85 60
S3 95 30
S4 95 60
S5 100 30
S6 100 60

2.2 Dyeing Procedure

The socks were dyed by a package or piece dyeing approach using disperse dyestuffs, in accordance with
the fiber characteristics @ellulose acetatd-or each trial, one of the six temperaitiree combinations

was applied. After dyeing, the samples weseled, rinsed, and prepared for performance assessment. The
purpose of this stage was to identify the processing window that would provide the most acceptable balance
between coloration and fastness performance for sustainable sock production.

2.3 Testing Methods

After dyeing, the samples were tested to evaluate theiusaduitability. The response variabdetected

in the project wereolor fastness to washingglor fastness to watecolor fastness to perspiration, goid

value. These properties wereosken because they directly reflect the service performance and product
compliance of hosiery material3.he dyed sock samples were tested according to standardized methods.
Color fastness to washing was determined in accordancel®itBN ISO 108C08, cobr fastness to
perspiration according S EN ISO 10504, and color fastness to water according$cEN ISO 105

EO1. The pH value of the samples was measured bad&Dds071.
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3. RESULTS
Table 2. Fastness Results
PERSPIRATION PERSPIRATION
WASHING WATER ACID ALKALINE
Si 4/5-4/5-4/5-4/5-4/5-4/5 3-4-2/3-3/4-4/5-4-4 3-4-2/3-3-4-4-4 3-3/4-2/3-3/4-4/5-4-4
S2 4/5-4/5-4-4/5-4/5-4/5 3/4-4-2/3-4-4/5-4-4 3/4-4-3-4-4/5-4-4 3/4-4-3-4-4/5-4-4
3 4-4/5-3-4/5-4/5-4/5 3/4-4-3-4-4/5-4-4 3/4-4-3-4-4/5-4-4 3/4-4-3-4-4-4-4
s4 4/5-4/5-4-4/5-4/5-4]/5  4-4/5-3-4-4/5-4/5-4  4-4]53-4-4/54/54  4-4]53-4-4/54/54
S5 4/5-4/5-4/5-4/5-4/5-4/5  3/4-4/5-3-4-4/5-4-4 3/4-4/5-3-4-4/5-4-4 3/4-4/5-3-4-4/5-4-4
S6 4/5-4/5-4/5-4/5-4/5-4/5 4-4/5-3/4-4-4/5-4-4  4-4/5-3/4-4-4/5-4/5-4  4-4/5-3/4-4-4/5-4/5-4

The results of the dyeing trials showed that the performance @felhglose acetatbasedsock samples

was influenced by the selected temperatiumee combination. In the experimental design, six dyeing
conditions were applied, namely 85, 95, and 100°C for 30 and 60 min, in order to identify the most suitable
processing window for the develapsock structure.

The pH measurements indicated that all samples remained within the acceptable range defined in the
internal test form. The measured values were close to each other and were approximately between 6.14 and
6.50, showing that thapplied dyeing conditions did not create an unfavourable pH level in the final
product. Thus, pH was not found to be the limiting factor in the evaluation of the dyeing conditions.

In contrast, the fastness tests showed clearer differences betweerittgeadnditions. The comparative
assessment of washing, water, and perspiration fastness demonstrated that-tieeiperature conditions
generally resulted in less satisfactory overall performance, whereas the-teigiperature and longer

duration condion provided more balanced results. In particular, the sample dy€®AE for 60 mirwas

marked as acceptable/pass in the washing and perspiration test forms and therefore stood out as the most
favourable condition among the tested alternatives.

Thesdindings are consistent with the original project rationale. Although cellulose acetate fibres are known
to be dyeable at around 85°C, the project documents already emphasized that the optimum condition had
to be verified experimentally because the fisatk structure also contained other components and had to
meet practical fastness requirements. Therefore, the experimental results confirmed that a higher dyeing
severity was necessary to obtain a more suitable overall fastness profile for the deDellpesk acetate
basedsocks.

Overall, the results indicate that the main factor governing process optimization was fastness behaviour
rather than pH suitability. Within the studied range,86°C/60 mincondition gave the most promising
combination ofwashing, water, perspiration, and pH performance for sustainable secondary cellulose
acetate sock production.

4. CONCLUSION

This study investigated the effect of dyeing temperature and time on the performance of socks produced
from sustainable secondary cddise acetate fibr&@ased on the experimental design, six dyeing conditions
were examined in order to optimize the dyeing process for a sock structure contatingse Acetate

and supporting synthetic components.

The results showed that all samplasséiad the pH requirement, while the fastness tests were more decisive
in distinguishing the suitability of the dyeing conditions. Among the tested alternativd§0tt@ for 60

min condition provided the most satisfactory overall performance and ceefdieebe considered the
optimum dyeing condition within the investigated range.

The study also supports the practical potenti@lelfulose Acetatas an alternative material for sustainable
sock productionCellulose Acetatas a dispersdyeable yarnd position it as a more sustainable option
that may help simplify processing and reduce environmental burden compared with conventional
alternatives used in bright sock applications.
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In conclusion, the findings demonstrate t@aflulose acetatbasedsodks can be successfully processed
when dyeing parameters are properly optimized. The selected optimum condition provides a useful starting
point for future studies on shade depth, dimensional stability, andtdomgenduse performance of
sustainable cellose acetate hosiery products.
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ABSTRACT

Early thrombosisjnitiated by rapid protein adsorption and subsequent platelet activation at the blood
material interface, remains a significant barrier to the clinical success ofdiamakter synthetic vascular

grafts. Systemic administration of antithrombotic agentsistrained by short hdifres, risk of bleeding,

and limited efficacy at the target site. While agents such as enoxaparin and fondaparinux demonstrate
improved pharmacokinetic profiles compared to unfractionated heparin, sustained and localized delivery
necessitates advanced carrier systems to prevent burst release. Coaxial electrospinning represents a
promising approach for fabricating biomimetic careell fibrous scaffolds with controllable release
kinetics. The combination of polycaprolactone (PGlr)rhechanical strength and durability with polyvinyl
alcohol (PVA) for hydrophilicity and high drdgading capacity yields an optimal composite for vascular
applications. In this study, bicomponent cstell fibrous matrices were developed, featuringa Bhell

and a PVA core loaded with 6% enoxaparin or fondaparinux. The physicochemical properties of these
localized druedelivery platforms were systematically characterized using morphological analysis and
Fourier Transform Infrared (FTIR) spectroscopyconfirm their chemical structures.

Keywords: vascular graft, antithrombotic drugs, electrospinning, biomaterials

1. INTRODUCTION

Smalldiameter vascular grafts are still prone to early failure, largely due to thrombus formation at the
bloodmaterialinterface [1,2]. In the absence of an endothelial layer, the graft surface is directly exposed
to circulating blood, leading to rapid adsorption of plasma proteins such as fibrinogen and von Willebrand
factor. This is followed by platelet adhesion andvation, which initiates the coagulation cascade and can
rapidly lead to graft occlusion. These early activities remain a major barrier to achievirigriongatency

in smalkcaliber grafts [2,3].

In clinical practice, thrombotic complications are typigahanaged with systemic anticoagulation using
agents such as unfractionated heparin;hoglecularweight heparins, and synthetic factor Xa inhibitors
[4,5]. These agents act by enhancing antithrorfxédiated inhibition of key coagulation factors,
partiaularly factor Xa and thrombin, thereby limiting fibrin formation [5]. However, their effects are
systemic rather than localized and therefore insufficient to suppress thrombosis at the graft surface.
Moreover, short halfives, rapid clearance, and bleeglinsks limit their longterm use, resulting in only
temporary control rather than sustained protection [6,7]. To address this limitation, localized delivery of
anticoagulants from the graft surface has been investigated. Enoxaparirmalesularweight heparin,
provides predictable pharmacokinetics and inhibits factor Xa via antithrombin Ill, with additional anti
inflammatory and antifibrotic effects [4,5]. Similarly, fondaparinux, a synthetic pentasaccharide, offers
selective factor Xa inhibition witminimal interaction with platelet factor 4, reducing the risk of heparin
induced thrombocytopenia [5,9]. However, achieving sustained activity remains challenging, as
conventional loading approaches often result in burst release followed by rapid dreigpdepmiting
long-term efficacy [6,9]. Electrospinning has emerged as a versatile technique for developing vascular graft
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surfaces, enabling the fabrication of fibrous surfaces that resemble the extracellular matrix and provide high
surface area and tahle morphology [14.2]. In addition to conventional electrospinning methods, coaxial
electrospinning enables the fabrication of esinell fibers, integrating multiple material properties into a
single fiber and offering enhanced control over drug endatisn and release behavior [13]. Also, the
choice of biomaterials is crucial for balancing mechanical performance and biological function. PCL is
widely used in vascular applications due to its favorable mechanical strength, elasticity, and slow
degraddbn rate, which support structural integrity over extended periods [14]. On the other hand, PVA is
a hydrophilic, biocompatible polymer well suited for the incorporation and release of hydrophilic
therapeutic agents [15]. The complementary properties bfadh@ PVA make them a suitable combination

for designing vascular graft structures with mechanical stability, biocompatibility, and controlled release
behaviour [16]. Zendedel et al. (2024) incorporated enoxaparin into the inner layer of bilayer vaaftalar g
composed of PVA, gelatin, and hyaluronic acid, with a PCL/PLA outer layer. The enoxaaaital
scaffolds demonstrated resistance to platelet adhesion and sustained drug release for approximately 120
hours, highlighting their potential to improvedmbosis management in vascular graft applications [9].

Based on these considerations, this study focuses on the development of electrospun vascular graft surfaces
incorporating enoxaparin and fondaparinux as localized antithrombotic agents. In partoahda|
electrospinning is employed to fabricate eshell fibrous structures, in which the core consists of PVA
loaded with anticoagulants and the shell is formed from PCL. By combining material selection with
controlled fabrication strategies, this watims to enhance the performance of srdemeter vascular

grafts.

2. EXPERIMENTAL STUDY
2.1 Materials

PCL (80,000 g/mol) and PVA (146,086,000 g/mol and hydrolysis degree@¥%) were used as the

main polymers. All polymers and solvents wgrarchased from Sigmaldrich. Enoxaparin sodium
(Oksapar, 6000anXa | U/ 0. 6 mL; Ko-ak Farma) and fondapar:.i
were employed as antithrombotic agents in their commercially available forms.

2.2 Methods

2.2.1. Solution Prepaation

The PVA solution (6%) was prepared by dissolving PVA in deionized water under magnetic stirring,
heating to 80 °C for 2 h, and then cooling to room temperature. In parallel, an 8% (w/w) PCL solution was
obtained by dissolving PCL in ehloroform/ethanol (9:1, w/w) mixture under stirring for 2 h at room
temperature. Enoxaparin sodium or fondaparinux (commercial agueous form) was then added to the PVA
solution (1 injection per 10 g of polymer solution), and the mixture was stirred atpf®0@ ensure
homogeneous distribution. Drug loading was performed after cooling PVA solution to prevent thermal
degradation, and final concentrations were adjusted to clinically recommended levels.

2.2.2. Scaffold Fabrication

Bicomponent tubular scaffoldsith a 6 mm diameter were fabricated by coaxial electrospinning using a
PCL shell and a PVA core. Enoxaparin sodium or fondaparinux is incorporated into the PVA core-for drug
loaded systems. Sample codes and processing parameters are provided in Table 1.

Table 1.Sample codes and processing parameters of the samples

Sample Incorporated Applied Flow Rate Tip-to-Collector
Core  Shell (core/shell) .
Code Drug Voltage (kV) (mL/h) Distance (cm)
PCL/PVA PVA PCL - 15 0.08/0.8 17
PCL/PVA+enox PVA PCL enoxaparin 155 0.05/0.5 17
PCL/PVA+fonda PVA PCL fondaparinux 10.5 0.05/0.6 17

The shell solution was supplied at a higher flow rate than the core to maintain a stable jet and ensure
continuous core encapsulation. As the gorshell flow rate ratio critically influences Taylor cone stability

and fiber morphology, an elevated shilelv rate is employed to prevent phase mixing and ensure uniform
coreshell structure formation [17,18]. Moreover, the coaxial needle comprises inner and outer needles
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with inner diameters of 0.6 and 0.8 mm, respectively. A rotational speed of 200setiidsthe collector
to ensure the creation of randomly distributed bicomponent fibers. The fabrication process is conducted at
13+3°C and 60+5% relative humidity.

2.2.3. Morphological Analysis

The surface morphology was examined using scanning elecitomsgopy (SEM; Zeiss Evo MA10). Prior

to imaging, all samples were sputterated with a golghalladium (AuPd) layer (Quorum SC7620) to
enhance conductivity. Micrographs were obtained at 2kx magnification. Fiber diameter, pore area, and
porosity were quatified using ImageJ. For each sample, at least 50 randomly selected fibers were analyzed,
and the results were presented as mean + standard deviation values. Porosity and pore size were further
determined from SEM images using an Imalgased thresholdingpproach.

2.2.4. FourierTransform Infrared (FTIR) Spectroscopy Analysis

FTIR spectroscopy was employed to analyze the chemical structure of the electrospun surfaces and confirm
the presence of both polymer components and incorporated antithromboti &pettra were recorded

using a UATR Two spectrometer (PerkinElmer) in attenuated total reflectance (ATR) mode over the range
of40004 00 cm T

3. RESULTS
3.1 Morphological Analysis

Figure 1 presents SEM images of bicomponent electrospun surfaces composed of a PCL shell and a PVA
core with varying drug incorporation. In all sample groups, continuous fibrous structures were formed.
However, noticeable differences in fiber morphologyeeged depending on the presence of antithrombotic
agents. In the PCL/PVA bicomponent sample (Figure 1a), a slightly sticking problem of the fibers to the
collector was observed. This may be due to a productiated issue; however, the fibers exhibit a
relatively thin, continuous distribution. In all drligaded samples, thin and thick fibers coexisted; however,

the fibrous structures remained bdeek and showed relatively homogeneous distributions.

Figure 1. SEM images of PCL/PVA bicomponent samples at 2kx magnification: (a) PCL/PVA, (b)
PCL/PVA_enox, (c) PCL/PVA_fonda

The fiber diameter, pore area, and porosity values of the neat PCL/PVA bicomponent aluhdizdg
scaffolds are summarized in Table 2. Theutes demonstrated that drug incorporation significantly affects
the fiber morphology and structural properties of the scaffolds. The neat PCL/PVA scaffold exhibited a
relatively uniform fibrous structure, with an average fiber diameter of 1.393+0.243qmm,area of
1.028+0.579 um?, and porosity of 76%. Incorporation of enoxaparin resulted in a slight increase in fiber
diameter (1.557+0.658 um) and porosity (79%), with negligible changes in pore area, suggesting minimal
impact on fiber formation or scaffbarchitecture. In contrast, fondaparinux incorporation resulted in more
pronounced structural alterations, including an increase in fiber diameter (1.815+0.816 yum) and pore area
(1.211+£0.315 pm?), accompanied by a decrease in porosity to 72%. Theseeschadigate that
fondaparinux affected both fiber formation and overall scaffold organization, likely due to modifications in
solution properties, such as viscosity or intermolecular interactions, that influence jet stability during
electrospinning.
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Table 2.Fiber diameters, pore areas, and porosities of neat PCL/PVA bicomponent atmbdedy
PCL/PVA bicomponent samples

SampleCode | Mean di ame Por e Ar e Porosity (%)
PCL/PVA 1.393+£0.243 1.028+0.579 76
PCL/PVA_enox 1.557+0.658 1.03+0.512 79
PCL/PVA_fonda 1.815+0.816 1.211+0.315 72

The relationship between fiber diameter, pore size, and porosity observed in this study is consistent with
previous reports, where thicker fibers are typically associated with larger porbudizeay also result in
reduced porosity due to denser fiber packing [19]. The increase in pore area in the fonddmealialix
scaffold can be attributed to thicker fiber formation, while the reduced porosity indicates a more compact
structure. From a tis® engineering perspective, larger pores may enhance cell infiltration and nutrient
transport, whereas overall porosity governs cellular migration and tissue integration [20]. Therefore, these
morphological changes may be advantageous depending on thdeihtepplication, particularly where
controlled pore architecture is required.

3.2 FTIR Analysis

In the FTIR spectra of both drifgee and drudoaded bicomponent fibers, the characteristic absorption

bands of PCL and PVA were clearly observed, indicatingkibtkt polymers are present within the same

fibrous structure (Figure 2). The simultaneous detection of-R@H PVAspecific peaks confirms the
successful formation of the bicomponent eshell architecture. The PCL component exhibits its typical

ester cebonyl (C=0) stretching band around 172180 cmi along with CH stret
2940 and 2860 ct Additional bands in the range of 116240 cnt and around 1290 chare attributed

to CG-O-C and GO stretching vibrations of PCL [21].

Figure 2. FTIR analysis of the, PCL/PVA, PCL/PVA_enox, and PCL/PVA_fonda bicomponent samples

On the other hand, the PVA component is identified by the breBlds®@etching band in the 328500

cmt region. In addition, characteristic PVA peaks were oleskat around 2900 cin(C-H stretching),
1445cmi ( CH b e n d*'i(@GQgsjretchirlg ®fS&condany alcohol groups), and 845 (wkeletal

C-C vibrations), which are consistent with the PVA backbone [22]. When theladgd fibers were
compared wh the drugfree sample, no significant shifts are observed in the main PCL and PVA peaks.
However, slight broadening in the hydroxyl region (33300 cmt) and weak absorption bands in the
range of 160650 cm' were detected, which can lagsociated with protonated amine vibrations. In
addition, absorptions between 1200 and 1250 wrare attributed to sulfate (S=0) stretching vibrations
[23]. The presence of these bands in both enoxapeihfondaparinutoaded samples indicated that the
antithrombotic agents are successfully incorporated into the fibrous structure. Despite these observations,
the overall spectral differences between dineg and drugoaded samples remained limited. This can be
explained by t he mmatesistidabsprptionfbantdshwith thibse wfPELOandcPVA, which
reduces the visibility of drugelated signals in the FTIR spectra [9].
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4. CONCLUSION

In this study, bicomponent PCL/PVA fibrous scaffolds, both drag and loaded witlantithrombotic

agents, were successfully fabricated and characterized. Morphological analysis showed that fiber diameters
ranged from approximately 1.3 to 1.8 um, with pore areas varying with drug incorporation, while all
scaffolds exhibited high porosifyr70%). Moreover, FTIR analysis confirmed the presence of both PCL

and PVA through their characteristic absorption bands, demonstrating the successful formation of the
bicomponent structure. In addition, drtejated functional groups were detected withgighificant peak

shifts, indicating that both enoxaparin and fondaparinux were incorporated into the fibers without chemical
interaction. These findings indicate that the developed bicomponent scaffolds possess suitable structural
and thermal characteris$, supporting their potential use as vascular graft materials.
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ABSTRACT

Within the scope of this study, the finishing performance and overall properties of bedroom textiles
containing cellulosic and polyestbased fibers with sustainable and functional properties were compared
with 100% cotton products. In this context, aatadf 12 different commercially available yarns were
supplied These yarns were classified into two main gragzellulosicbased and polyestéased. Fabric
specimens were separately produced in a 5/1 warp satin construction, using 100% cotton ip the wa
direction and the specified yarns in the weft direction. The finishing processes of the obtained fabric
specimens were carried out by rotary screen printing using pigments, followed by subsequent finishing
treatments. In accordance with the relevamiddiads, the mechanical properties of the fabric specimens,
including breaking and tear strength, abrasion resistance, piléhgviour, and bending rigidity were
evaluatedln addition,the color measurements and fastness properties were assessedulthéeisated

that the newgeneration fibers did not adversely affect the physical performance of the fabrics, and that
optimum values in terms of performance properties were obtained for the celhdssit fabric specimens.
Consequently, sustainabledafunctional fibers were shown to have significant potential for application in
bedroom textiles.

Keywords: Home Extile, Cellulose, Comfort, Polyester, Handle.

1. INTRODUCTION

Although cotton, which is widely used in bedroom textiles, is a natural fiber, it may be insufficient on its
own to optimally meet all performance requirement3][1Therefore, in recent years, fabric structures
developed by combining cotton fiber withtael, regenerated, and synthetic fibers have come to the
forefront. In particular, regenerated cellulosic fibers make a significant contribution to sustainable textile
production through advantages such as high hydrophilicity, breathability, and bica@tnad4].
Moreover, fibers obtained from recycled sources enable the reduction of environmental impacts by
supporting the circular economy approach [5]. On the other hand, polpastnt functional yarns
contribute to enhancing comfort properties ixtite products due to their improved performance in terms

of thermal management, moisture transfer, softness, and surface characteristics. In particular, modified
polyester yarns can offer higher user comfort by mitigating the disadvantages of convextipester

fibers. However, the number of studies addressing the combined evaluation of recycled cellulosic and
functional polyester fibers remains limitebh this study, the performance and comfort properties of
bedroom textiles produced using differar@lulosic and polyestdvased yarns were comprehensively
investigated. The fabrics were produced using 100% cotton yarn in the warp direction, and sustainable and
different functional yarns in the weft directiorhe performance of the obtained fabricswaaluated using

various test methods, and the relationships between fiber type, production process, and fabric performance
were investigatedAs a result, it is considered that this study will contribute to the development of
sustainable and functiona¢tfroom textiles.
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2. EXPERIMENTAL STUDY

In this study, woven fabrics were produced using Ne,4&100cotton yarn in the warp direction. The
types and properties of the yarns used in the weft direction are presented in Table 1. For dedissakic
yarns, Ne 10/1100% cotton yarn was taken as the reference, whereas for polyaséer yarns, Ne 40/1
100%cotton yarn was used as the reference.

Table 1 Types and Properties of Yarns Used in the Study

Developer Yarn Code Yarn Count Yarn Type Blend Composition
Aj aoflu W.Y.1 10/1 Ne Cotton %100 Cotton
Karacasu Tekstil W.Y.2 10/1 Ne Naia %65 Cotton +%35 Naia
Karacasu Tekstil W.Y.3 10/1 Ne Naia Wea %35 Cotton +%65 Naia
Karacasu Tekstil W.Y.4 10/1 Ne Sequal Wea %50 Cotton +%50 Sequal
Karacasu Tekstil W.Y.5 10/1 Ne Sequal %50 Cotton +%30 Sequal+%20 Na
Karacasu Tekstil W.Y.6 12/1 Ne Agraloop %70 Cotton +%30 Agraloop
Aj aojlu W.Y.7 40/1 Ne Cotton %2100 Cotton
Polyteks W.Y.8 167/48 Denier  PES %2100 Polyester
Polyteks W.Y.9 167/48 Denier  Polycool %100 Polyester
Polyteks W.Y.10 167/48 Denier  PolyShine %2100Polyester
Polyteks W.Y.11 167/48 Denier PES + Soft %100 Polyester
Polyteks W.Y.12 167/48 Denier ThermoBlack %2100 Polester

Within the scope of this study, all fabric samples were woven under identical production conditions in 5/1
warp satin weave structure. The weaving parameters were optimized depending on the yarn counts;
accordingly, theveft density was set at 20 pi¢ksn for yarns coded W.YITLW.Y.6 and 3Qpicks/cmfor

yarns coded W.Yi7W.Y.12, while the warp density was maintained at 50 ends/cm for all sarpkes.
density of the produced cellulodimsed fabric samples ranged betweeri 250 g/m2, whereas those of

the polyesterbased samples were betweeniIEHD g/m2. The areal density of the reference fabric samples
was determined as 211 g/m2 for W.Y.1 and 128 g/m2 for W.Y.7. Following the weaving process, the fabric
samples were subjected to conventionaltpgatmenprocesses. The desizing process was carried out using

2 g/L desizing enzyme and 2 g/L wetting agent. The scouring and bleaching process was performed using
2.5 g/L NaOH, 2.5 g/L H O, 0.6 g/L wettniAitgr agent
the completion of préreatment processes, the fabric samples were colored by means of rotary screen
printing using pigments. However, due to the dark color of the yarn in the W.Y.12 coded sample, the
printing process was applied using a blindtpanethod. In the printing paste prepared for the rotary screen
printing process, 80 g/kg styrdraerylate binder, 5 g/kg hydrophilic silicone, 5 g/kg antifoaming agent, 5
g/kg emulsifier, and 5 g/kg ammonia were used. For coloration, 2.1 g/kg carbkmpigisxentbased dye,

28.5 g/kg red azo pigmebksed dye, and 22 g/kg yellow azo pigmeased dye were added. Following

the printing process, fixation was carried out at 150 °C for 5 minutes. Subsequently, to optimize the handle,
softness, and enaiser canfort of the fabrics, all samples were subjected to a softening finishing process
using a formulation containing 20 g/L organic and syntheticbased softener, 20 g/L polysiloxabhased

silicone, and 3 g/L polyethyleAgased softening agent, thereby cdetipg the finishing treatments.

The mechanical properties of the fabric samples, including tensile strength, tear strength, abrasion
resistance, and pilling behavior, were evaluated in accordance with the relevant standards. In addition, color
fastness analyses were carried out. Furthermore, color measurements and bending rigidity performances
were analyzedn the testing of thefabrc s ampl es, t he ahbabma)edy, i aitPi o npsr i inG
AF (fioniwelred)used t o processing stagedllttest desuits veere eamparatively
evaluated by considering these three distinct processing conditions.

3. RESULTS

The tensile and tear strength test results of the fabric samples, determined in accordance with TS EN ISO
139342, are pesented in Table 2.
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Table 2 Tensile and Tear Strength Test Results

Wetft Direction (N) Warp Direction (N)
TENCILE TEAR TENCILE TEAR
G P F G P F G P F G P F
W.Y.1 325,9 366,2 308,3 37,26 17,79 33,84 464,9 4452 229,8 25,17 22,44 27,79
W.Y.2 4925 403,4 378,55 39,37 18,23 33,15 383,9 4065 342,1 37,78 27,46 41,19
W.Y.3 197,3 98,35 204,7 36,09 17,54 29,82 4435 391,8 368,3 44,2 27,58 40,82
W.Y.4 861,1 574,3 703,0 36,75 19,08 29,1 432,3 4314 366,1 27,38 52,39 44,87
W.Y.5 575,7 406,3 456,6 38,62 18,45 23,93 424,0 427,3 348,1 44,71 44,7 40,45
W.Y.6 297,5 162,5 244,2 38,67 19,47 25,96 430,2 439,9 326,9 32,08 2523 31,71
W.Y.7 180,2 175,7 201,0 12,57 10,67 21,91 392,0 343,2 3716 12,78 9,66 18,66
W.Y.8 657,6 643,0 6253 27,19 13,48 24,07 4153 4088 397,6 47,51 29,15 33,9
W.Y.9 472,9 512,8 500,1 24,66 14,28 25,35 448,4 449,9 368,7 38,13 28,24 30,57
W.Y.10 537,0 467,2 516,1 18,22 15,73 23 435,2 4125 361,8 17,9 15,94 27,12
W.Y.11 | 624,5 6155 6155 24,27 8,79 21,63 401,7 324,6 324,6 37,54 22,01 29,84
W.y.12 | 6625 370,8 370,8 18,16 10,16 24,13 382,5 386,9 386,9 38,87 2533 32,13

Yarn
Code

Upon examining the tensile and tear strength results, a decreasing trend in both sakmegthwas
observed in the cellulosicased samples (W.Yi.1IW.Y.6) after processing. Compared to the reference
sample A.K.1, the reduction was found to be more
is attributed to the structural weakegiof cellulosic fibers during chemical processing [6]contrast, the
evaluation of polyestebased samples (W.Y.8WV.Y.12) revealed that higher and more stable strength
values were obtained compared to the reference sample W.Y.7. This trend waslgspetzat in samples

W.Y.11 and W.Y.12, which can be explained by the inherently high strength properties of polyester fibers
[7]. Overall, although tensile and tear strength exhibited similar trends, tear strength was observed to be
more sensitive to theffects of processing.

The abrasion resistance of the fabric samples was analyzed in accordance with TS EN 1SQ 48847
the pilling values were evaluated according to TS EN ISO 1:2944¢ results are presented in Table 3.

Table 3 Abrasion Resistamcand Pilling Test Results

Abrasion ResistanceMass Loss (%) Pilling Rating
Yarn Code G P F G P =
W.Y.1 1,27 0,87 0,43 3 3/4 3/4
W.Y.2 1,72 2,70 0,46 2/3 4 3/4
W.Y.3 7,35 6,43 5,07 5 4/5 4
W.Y.4 4,13 1,23 0,42 3 3/4 3
W.Y.5 3,48 0,46 0,42 3 3/4 3
W.Y.6 0,97 2,55 1,52 2/3 2/3 2/3
W.Y.7 27,21 1,37 1,55 3/4 3/4 3/4
W.Y.8 3,23 1,30 0,65 4/5 5 5
W.Y.9 2,72 1,91 0,64 5 5 5
W.Y.10 5,41 1,91 4,55 5 5 5
W.Y.11 3,31 0,61 1,21 5 5 5
W.Y.12 1,20 1,76 1,21 5 5 5

When the abrasion resistance results of the samples were evaluated, it was determined that among the
cellulosicbased samples (W.M.IW.Y.6), the lowest mass loss after weaving whserved in sample

W.Y.6, while the highest loss occurred in sample W.¥h3contrast, the evaluation of polyestersed

samples (W.Y.BW.Y.12) revealed lower and more stable mass loss values. In general, it was observed
that the mass loss values deceshafter the printing process and particularly after the finishing treatment.
This behavior is associated with the increased resistance of the fabric structure following processing [8].
Upon examining the pilling results, it was observed that cellulosed samples generally exhibited
moderate ratings, whereas a higher pilling value was obtained for sample W.Y.3 In pdigesttsamples

(W.Y.81 W.Y.12), high pilling ratings were maintained even after processing. This behavior is attributed

to the high sength of polyester fibers, which tend to remain on the fabric surface without breaking [7].

The bending rigidity of the fabric samples was analyzed in accordance with ASTM D1388, and the results
are presented in Table 4.
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Table 4. Bending Rigidity Resut

varn Code Weft F.S. (mN*cm) Warp F.S. (mN*cm)
G P F G P F
W.Y.1 0,50 0,32 0,25 1,17 0,26 0,20
W.Y.2 0,34 0,25 0,32 0,35 0,30 0,28
W.Y.3 0,22 0,11 0,06 0,72 0,32 0,18
W.Y 4 0,36 0,22 0,19 0,71 0,26 0,20
W.Y.5 0,32 0,21 0,17 1,07 0,24 0,21
W.Y.6 1,59 0,33 0,26 1,01 0,41 0,21
W.Y.7 0,18 0,12 0,09 1,30 0,26 0,20
W.Y.8 0,39 0,23 0,22 1,34 0,52 0,20
W.Y.9 0,39 0,18 0,17 1,70 0,22 0,15
W.Y.10 0,10 0,19 0,14 1,66 0,16 0,16
W.Y.11 0,48 0,16 0,12 1,31 0,23 0,15
W.Y.12 0,82 0,16 0,11 1,04 0,20 0,09

Upon examining the bending rigidity results, a decreasing trend in rigidity values was observed in both
cellulosic and polyestebased fabrics after printing and particularly after finishing treatments. This
behaviour is attributed to the increadledibility of the fabric structure resulting from the finishing process.
Among the cellulosibased samples, sample W.Y.3 exhibited the lowest bending rigidity values after
processing, indicating a more flexible structure. In the case of polssed amples, W.Y.11 and
W.Y.12 demonstrated low and closely similar rigidity values in both the weft and warp directions. This
indicates a more balanced and homogeneous bending behaviour in these samples.

The color measurement results of the woven fabric sanalter the completion of printing and finishing
processes, are presented in Table 5. Color measurements were carried out under D65 illumination and 10°
standard observer conditions

Upon evaluating the color measurement results, a general increasithgntienvalues was observed in

both groups after the finishing process. Among the celluloaied samples, this increase was found to be
more pronounced particularly in samples W.Y.2 and W.Y.3, indicating a lightening of color in these
samplesWhen the Aand b* values of the cellulosic samples were examined, a general decreasing trend
was observed, indicating a reduction in redness and yellowness. This change is attributed to the effect of
the finishing process on color saturation. In contrast, for thgepterbased samples, the changes in L*,

a*, and b* values were found to be more limited. Particularly in sample W.Y.12, very minimal variations

in L*, a*, and b* values were observed, which can be explained by its high color stability.

Table 5. Color Measurement Results

L* a* b*

Yarn Code G p F G p =
W.Y.1 53,08 53,18 27,10 27,03 12,82 12,35
W.Y.2 64,21 82,04 20,35 8,06 11,17 8,91
W.Y.3 65,67 79,94 19,05 7,64 10,81 7,93
W.Y .4 55,55 61,76 27,14 21,31 11,58 10,12
W.Y.5 56,58 72,01 23,42 14,35 11,92 9,54
W.Y.6 63,20 58,90 20,90 23,47 11,32 12,21
W.Y.7 66,22 67,46 17,94 16,89 9,39 10,26
W.Y.8 60,64 56,20 22,81 25,67 10,08 10,96
W.Y.9 50,62 59,32 29,99 25,63 12,42 11,38
W.Y.10 55,76 51,08 31,06 35,87 13,41 15,75
W.Y.11 58,33 68,65 24,05 17,63 10,49 9,46
W.Y.12 55,88 55,75 0,88 0,89 3,79 3,65

The color fastness properties of the woven fabric samples, after the complgbiantiof and finishing
processes, were evaluated as follows: color fastness to water according to TS EN-EI ,1&&dic and
alkaline perspiration fastness according to TS EN ISGEI®S and dry and wet rubbing fastness according
to TS EN ISO 105X12. The results are presented in Table 6.
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Table 6. Color Fastness Test Results

AC'.d'C. Alka}lln(.e Water Fastness  Dry Rubbing Wet Rubbing
Yarn Code Perspiration Perspiration Fastness Fastness
Fastness Fastness B A B A B A
B A B A
W.Y.1 5 5 5 5 5 5 4/5 4 3/4 3/4
W.Y.2 5 5 5 5 5 5 4/5 4 3 3
W.Y.3 5 5 5 5 5 5 4/5 4 4 3
W.Y.4 5 5 5 5 5 5 4/5 4/5 3 3/4
W.Y.5 5 5 5 5 5 5 4/5 4/5 3 3
W.Y.6 5 5 5 5 5 5 4/5 4/5 3 3/4
W.Y.7 5 5 5 5 5 5 5 4/5 4 3/4
W.Y.8 5 5 5 5 5 5 4/5 4/5 4 4
W.Y.9 5 5 5 5 5 5 4/5 4/5 4 4
W.Y.10 5 5 5 5 5 5 4/5 4 3/4 3
W.Y.11 5 5 5 5 5 5 4/5 4/5 4 4
W.Y.12 5 5 5 5 5 5 4/5 4/5 4/5 4/5

When the color fastness test results waraluated separately for cellulosic and polyebessed samples,

it was determined that all samples exhibited a rating of 5 for acidic and alkaline perspiration fastness as
well as water fastness. This indicates the effectiveness of the applied dyeifiigjsiniinlg processes and

the strong affinity of the colorants to the fiber structure [9].

For the cellulosidbased samples, dry rubbing fastness values were generally found to be in the range of 4
5 to 4, while wet rubbing fastness values were observecebat® andi34. In the case of polyestbased
samples, dry rubbing fastness values were similarly in the ran§é tf 4 5, whereas wet rubbing fastness
values were generally betweeid3and 4. This behaviour is attributed to the easier removal anéetrahs
colorants from the fiber surface in the presence of water [10].

The improvement observed in rubbing fastness after the finishing process is considered to be associated
with the enhanced fixation of dye/pigment on the fabric surface. Moreover, gherHastness values
obtained in polyestdnased samples, particularly in sample W.Y.12, highlight the influence of fiber
structure and the applied coloration method on fastness performance [11].

4. CONCLUSION

In this study, the performangaroperties of bedroom textiles produced using different cellulosic and
polyesterbased yarns were comparatively investigated. The findings revealed that both fiber type and the
applied finishing processes have a decisive effect on fabric perfornfaroceding to the results obtained,
polyesterbased yarns provided higher tensile strength, abrasion resistance, and pilling resistance. In
contrast, although fabrics containing cellulosic and regenerated fibers exhibited lower strength values, they
were found ® maintain acceptable performané&saluation of bending rigidity results indicated that fabric
stiffness is directly related to fiber type and fabric weight, and that fabrics gained a softer structure after the
finishing process. In particular, modifiedlgester yarns were found to improve the drape properties of the
fabrics.When the color and fastness results were assessed, it was determined that the applied printing and
finishing processes were effective for all samples and provided high fastness trakddition, yarn type

and surface structure were found to be decisive factors influencing the color coordinates of theA\&brics.

a result, the combined use of sustainable cellulosic fibers and functional polyester fibers enables the
development of bdroom textiles with optimized performance properties. This study contributes to the
literature by revealing the effects of different fiber types on fabric performance.
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ABSTRACT

Natural fibers, defined as bimased materials derived from plant or animal sources, have become critical

in materials science for their potential to replace synthetic counterparts. Among these, bast fibers obtained
from plant stems offer specific advantggsuch as low density, high specific strength, and biodegradability.
Noise has become a major worldwide issue due to population growth, increased demand for goods and
services, and industrial expansion. These fibers can effectively rival syntheticifitbersis of acoustic
gualities. As the demand for sustainable materials grows, the focus has shifted toward optimizing the
polymer matrix to fully leverage these fiber properties without compromising environmental compliance.
The present research work &irnto evaluate the acoustic and mechanical performance of biodegradable
PLA-based green composites reinforced with jute fabric. Different combinations of PLA/ Jute and
bicomponenPLA/Jute green composites were fabricated by varying the fabric layer agid draiction.

The matrix phase was engineered using a blend of staple Polylactic Acid (PLA) and staple bicomponent
PLA fibers. The inclusion of bicomponent PLA was significant; its sheath structure functions as a
thermal bonding agent, facilitatingrior matrix consolidation and structural integrity during processing
without the need for chemical adhesives.

These polymer fibers were first processed into uniform nonwoven webs using a conventional carding
machine. To fabricate the bammposite stretures, jute fabric layers were intercalated with the carded
matrix webs. The experimental design focused on the effect of reinforcement volume by producing
laminates with single double, and triplelayer jute fabrics. These stratified assemblies weneequently
consolidated under controlled heat and pressure in a hot press machine to ensure effective impregnation.
Acoustic and mechanical properties were evaluated in accordance with ISO standards to characterize both
sound transmission loss capabiliteasd the structural strength of the materials. The findings established

the viability of jutereinforced PLAbased green composites as Rigitformance, ecériendly materials

suitable for a broad spectrum of general industrial applications.

Keywords: Natural fibersgreen composite®LA, Bicomponent PLA, Jute.

INTRODUCTION

Green composites are advanced engineering materials developed in line with sustainability principles,
typically composed of natural fibers such as jute, flax, or hemp combined with biodegradablbasduio
polymer matrices like polylactic acid (PLA). Tdematerials offer significant advantages over conventional
synthetic composites due to their low density, renewability, and reduced environmental impact at the end
of their life cycle. The mechanical performance of green composites is strongly inflisnieetors such

as fibei matrix interfacial adhesion, fiber orientation, fabric architecture, and processing techniques. Recent
studies have demonstrated that surface treatments/andizationstrategies can significantly enhance the
mechanical and theral properties of these materials, making them increasingly suitable for applications in
automotive, construction, and textile industries (Faruk et al., 2012; Koronis et al., 2013).

Polylactic acid (PLA) and bicomponent PLA have gained considerableiatters matrix materials in
green composites due to their diased origin, biodegradability, and favorable processing characteristics.
PLA exhibits relatively high stiffness and strength compared to many other biodegradable polymers;
however, its inherertrittleness and low impact resistance can limit its performance in certain applications.
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In this context, bicomponent PLA fibérdypically consisting of a cofsheath structure with differing
thermal or mechanical properte®ffer significant advantages bgnhancing interfacial bonding,
improving toughness, and facilitating better processing through lower melting sheath components. The use
of bicomponent PLA as a matrix or binding phase can promote more efficient stress transfer between
reinforcement and nt@x, particularly in natural fibémeinforced systems such as jute or flax fabrics.
Additionally, thetunablethermal behavior and crystallization characteristics of bicomponent PLA enable
improved consolidation and reduced processing temperatures, iglgidtical for preserving the integrity

of temperaturesensitive natural fibers. Therefore, combining PLA and bicomponent PLA in composite
systems provides a promising strategy to balance stiffness, ductility, and sustainability requirements in
advanced ggen composite applications (Auras et al., 2010; Lim et al., 2008; Faruk et al., 2012).

This study investigates the acoustic and mechanical performance of biodegradabbasedAgreen
composites reinforced with jute fabrics. Composites wamuced using different configurations of
PLA/jute and bicomponent PLA/jute systems, with variations in fabric layer number and weight fraction.
The matrix was composed of staple PLA and bicomponent PLA fibers, where thé sbeagitructure of
bicomponat PLA acted as a thermal bonding agent, enabling effective consolidation without chemical
adhesives. Initially, polymer fibers were converted into nonwoven webs via carding, and these webs were
then combined with jute fabric layers in singlelouble, ard triple-layer configurations. The layered
structures were consolidated using hot pressing under controlled temperature and pressure conditions.
Acoustic and mechanical properties were evaluated according to relevant ISO standards, demonstrating that
jute-reinforced PLAbased green composites offer a promising combination of structural performance and
sound insulation, making them suitable for variousfeemdly industrial applications.

MATERIALS AND METHODS

Materials

Two different types of bidibres, PLA and bicomponent PLA fibres, were used as the matrix materials.
The matrix phase for these composites was engineered using a blend of staple Polylactic Acid (PLA) and
staple bicomponent PLA fiberslute is a naturabio-based bast fiber derived primarily from the stems of
plants. A jute fabric with a 2/1 warp rib weave was used as reinforcement. The fabric exhibited an areal
density of 600 g/m2. The linear densities of the yarns were 1000 tex in the weft direct&Oand in the

warp direction. The fabric sett was 3 picks/cm (weft) and 7 ends/cm (warp). The selection of a 2/1 warp rib
jute fabric provides a balanced distribution of yarns, which influences the impregnation quality during the
hot-pressing process.

Method

Carding machine

Polymer fibers were first processed into uniform nonwoven webs using a Mesdan labiyzeargrding
machine. To fabricate the bammposite structures, jute fabric layers were intercalated with the carded
matrix webs. The experimaitdesign focused on the effect of reinforcement volume by producing
laminates with single double, and triplelayer jute fabrics. These stratified assemblies were subsequently
consolidated under controlled heat and pressure in a hot press machinedaéastive impregnation.
Hydraulic hot press machine

A hydraulic hot press machine (Hursan Pres, Konya, Turkiye) was dtftizeéhe fabrication of the green
composites under controlled temperature and pressure conddwirg to the heating conditins utilized

in the press, the thermoplaskiofibresmelted at the specified temperature and time conditodswere
contained inside the moul@he composites were further set in the mould with the help of the cooling
system present in the press toaithe final samples.

Testing

Mechanical

Tensile properties of theroduced biocomposite materials were evaluated using a universal testing machine
(Zwick/Roell Z4100). All tests were conducted in accordance with the ASTM D638 standard at a crosshead
speed of 50 mm/mirFor each sample groujpe specimens were testexhd the reported results represent
theaverage values to ensure statistical reliability
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Acoustic

The acoustic properties of the green composites were measured usingthierophoe transfefunction

method in accordance with ISO 10524and ASTM E105098 standards. Measurements were carried out
using a Brlel & Kjeer Type 4206 impedance tube system with a 29 mm diameter tulaefregeiency

range of 4006400 Hz.The system was inger at ed wi th the Br ¢el & Kj br
acquisition and analysis.

RESULTS AND DISCUSSIONS

The mechanical performance of jute fabrainforced green composites is significantly influenced by both

the reinforcement structure and the matyige (Zhang et al., 2025; Kumar and Singh, 2026). InAthe

series composites, produced with 100% Pteksile strength increases markedly with the number of jute
fabric layersyising from 415 MPa (Al) to 560 MPa (A3Jhis trend reflects the enhanced load transfer
efficiency and improved stress distribution enabled by the multilayer reinforcement structure (Lee et al.,
2025). MoreoverA3 shows the highest strain value of 0.81%, suggesting that adding more layetty not o
enhances strength but al so i ncr eTaisenwmncedperformanteer i al
is due to stronger fibematrix interactions and greater interfacial frictiamhich help to delay crack
initiation and propagation during tensileading (Kumar and Singh, 2026). In contrast, tBeseries
composites, fabricated using bicomponent P&4gibit comparatively lower tensile strength values (234

286 MPa) despite following a similar increasing trend with layer numberrdthistion may b associated

with the relatively lower stiffness of the bicomponent matrix and differences in interfacial load transfer
efficiency. However, the strain behavior of thesBries suggests improved ductility, particularly for B3
(0.62%), which indicates enhaed deformability and energy dissipation capacity. The sheatth
structure of bicomponent fibers likely promotes more effective stress redistribution and accommodates
higher deformation before failure (Wang et al., 2025). Overall, while 100% PLA mdaigasstrength
dominated performancbicomponent PLA systems contribute to a more ductile response, highlighting the
importance of matrix selection in tailoring the mechanical performance of sustainable biocomposites
(Zhang et al., 2025).
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Figure 1. Mechanical Properties of the green composites.

The acoustic performance of the developed jute fatwicforced green composites is influenced by both

the structural configuration and the matrix system. Increasing the number of jute fabric layesiadiem

layer to thredayer architectures consistently improved sound transmission loss (STL) across the entire
frequency range. This behavior can be attributed to the increase in areal density and overall thickness, which
enhances acoustic impedance misinand promotes more effective attenuation of incident sound waves
(Chen et al., 2026).

A clear distinction is observed between the two composite series in terms of matrix typesé&hesB
composites, produced using bicomponent PLA, exhibit superiop8iformance compared to thes&ries
samples fabricated with 100% PLAhis difference is particularly evident in the thilager configuration,
where B3 demonstrates the highest acoustic attenudir@enenhanced performance of thieomponent
PLA systen can be associated with its improved thermal bonding behavioch promotesstronger
interfacial adhesion between the jute fibers and the polymer mattiitionally,the sheathcore structure
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of bicomponent fibers likely contributes to more efficienhsolidation during hot pressing, resulting in
reduced interfacial voids and improved structural intedLige et al., 2025).
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Figure 2. Sound transmission loss of green composites.
CONCLUSION

The present study indicates that both the acoustic and mechanical performances of jiteifdbroed

green composites algrongly controlled by reinforcement architecture and matrix type. Increasing the
number of jute fabric layers significantly enloas sound transmission loss (STL) as well as tensile styength
primarily due toincreased areal density, improved stress transfer, and more effective internal damping
mechanismsvithin the multilayered structure. Among all samplseelayer configuratios provide the

most favorable performance, with B3 exhibiting superior acoustic insulation, while A3 achieves the highest
tensile strength and elongatidrhe use of bicomponent PLA matrix further improves the acoustic response
by promoting enhanced intadial bonding and energy dissipation, whereas melt PLA leads to a relatively
stiffer structure that favors strenglominated behaviof.hese findings highlight that the balance between
stiffness and damping in green composites can be effectively taitomdyh the appropriate selection of
matrix systems and reinforcement layeri@yerall, the developgdte-based multilayer green composites
offer a promising and sustainable alternative for applications requiring a combination of mechanical
robustness ahefficient sound insulation.
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ABSTRACT

Craftsmanship practices, including traditional textile techniques such as weaving, embroidery, and
patchwork, are a significant etent of cultural identity. However, the continuity of these craftsmanship
practices is threatened to disappear by the digitalization of industry and the decline of apprettéseship
knowledge transfer. In this context, digitalisation presents botreciggls and opportunities, raising critical
guestions about how emerging technologies can support rather than replace craftsmanship.

This study aims to explore the relationship between emerging technologies and craftsmanship in
contemporary fashion desigwith a focus on their role in preserving cultural heritage. Patchwork is
selected as a case study due to its strong connections to material reuse, cultural expression, and modular
design logic. The research adopts a mirethod approach, combining qudiite and quantitative data.
Semistructured interviews were conducted with fashion industry professionals to examine their
perspectives on digitalisation and craftsmanship. Also, a survey was carried out with fashion and textile
design students to assessegging thoughts toward digital tools and craftsmanship practices.

The results imply that digitalization and craftsmanship are mostly perceived as complementary practices.
While digital tools are valued for improving efficiency, visualization, and-deten decisioamaking,
participants emphasized that they cannot replace the cultural, emotional, and creative value of
craftsmanship. Concerns regarding authenticity, particularly in relation -gerdrated outputs, were
frequently highlighted. At the santiene, craftsmanship practices were identified as effective strategies for
sustainability through material reuse and extended product lifecycles. The results also reveal gaps in fashion
education, particularly in the integration of digital literacy, busiresmpetencies, and practical industry
experience.

Keywords: Digital Craftsmanship, Intangible Cultural Heritage (ICH), Sustainable Fashion Design,
Patchwork

1. INTRODUCTION

Cultural heritage is not limited to monuments or physical artifactslsotincludes the practices, skills,
expressions, and knowledge that communities transmit over time [1]. Intangible Cultural Heritage (ICH)
includes traditional textile techniques such as embroidery, weaving methods, dyeing methods and
patchwork that is rated within cultural memory. These techniques are not just for decoration or aesthetic
purposes; they reflect regional identities, culture and social relationships. Moreover, these techniques reflect
ways of sustainable living, producing and using.

Industial standardization that results in shrinking artisan communities, and the loss of apprenticeship
systems are threatening the continuity of knowledge that is learned through experience. As a result,
technological progress becomes both a challenge andhantapity. If applied without care, digitalization

will continue damaging artisan communities and reduce handmade practices. The question should not be
whether technology should replace craft, but how they can coexist and improve each other. Digital
fabrication tools and 3D printing, for instance, can act as extensions of the artisan's hand, expanding creative
capacity and precision without discarding the essential tactile qualities of the craft [2]. Rather than replacing
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the craftsmanship, digital systernan help its reach by preserving and sharing skills. By approaching
technology as a collaborator rather than a competitor, fashion can move towards a future where innovation
supports cultural continuity.

Within this progressing environment, digital cuéiliheritage (DCH) frameworks have emerged as
important arrangements for preservation and education. Digital heritage includes resources that are either
born digital or converted into digital form, emphasizing the growing importance of digital literacy and
technological competencies in heritagéated disciplines [3]. However, while DCH initiatives often focus

on archives, museums, and archaeological documentation, fashion and textile crafts remdiearded

within these frameworks. This gap revedis heed for a fashiespecific digital heritage approach capable

of translating embodied craft knowledge into sustainable digital ecosystems.

The integration of digital tools does not necessarily contradict these values. Rather, when approached
critically, technology can strengthen them. The dialogue between craftsmanship and technology should be
understood as complementary rather than oppositional [4]. Within this framework, digital systems such as
algorithmic modeling, digital archiving, and parametrisiga can document and systematize traditional
techniques while preserving their cultural meaning. This enables designers to scale sustainable craft
principles without reducing them to superficial aesthetic references.

Digitalisation of Patchwork

Due to is strong relationship with cultural heritage, sustainability, and personalisation, patchwork is
selected as a case study for analysing digital craftsmanship. It emerged from limited material resources [5];
however, over time, these functional objects shifand patchwork has transformed from a domestic textile
practice into a distinct design identity within the fashion industry, creating a bridge between heritage and
contemporary reinterpretations of traditional handicrafts. Furthermore, in contempastaonf patchwork

is increasingly recognized as a sustainable tool and a key component of slow fashion, valued by consumers
for both its ecological benefits and its cultural significajéde

From a production perspective, patchwork also offers a stricystem that is particularly suitable for

digital reinterpretation. It operates through modular logic, repetition, and pattern variation. These
compositional principles can be easily translated into digital systems such as algorithmic design methods
and @rametric modeling procesg&$.

Although patchwork is deeply rooted in handcraft, it contains both material and compositional structures
that can be scanned, recorded, archived, and reinterpreted within digital environments. This dual nature
makes it arappropriate case for combining digital craftsmanship with traditional practice, contributing to
the preservation of Intangible Cultural Heritage while allowing reinterpretation rather than replacement.

2. METHODOLOGY

This research adopts a mixgtkethod apprazh by combining qualitative and quantitative methods, which
allows for a broader understanding of the relationship between traditional craft practices and digital
technologies in contemporary fashion design. The study focuses on digital craftsmanghgseheation

of Intangible Cultural Heritage (ICH), and the role of digital tools in sustaining traditional textile knowledge
within modern fashion systems.

The qualitative part of the research consists of interviews with 6 fashion industry professiteals.
interviews are conducted online and satnuctured; participants are selected based on their engagement
with craftbased textile techniques and digital design processes. The aim is to gain insight into how
professionals in the fashion industry appiodiee integration of traditional craftsmanship and emerging
digital technologies within contemporary design and production processes. To support this objective, the
gualitative data are analyzed using MAXQDA software to support thematic interpretation.

In addition, the research consists of a survey conducted with 35 students from the Izmir University of
Economics between the ages of 18 and 25, from the Textile and Fashion Design Department, as potential

14kt



INTERANATIONAL

International Textile & Fashion Congress

filnnovate , I ntegrate, I nspire: The Future of ITFC

28-29 April 2026, Istanbul, Turkey

NOIHSVS ¥ FWLXRL

CONOGRESS

fashion designers. Their responses help reveal howgarugenerations perceive the relevance of
traditional craftsmanship within contemporary fashion practice. The survey asks participants about their
perceptions of digital technologies in fashion, the importance of cultural heritage in design and production
and their attitudes toward the digital preservation of traditional textile knowledge. It also explores whether
participants believe digital tools can support the continuity of craft practices in the future.

The interview data were examined through thémetalysis in order to identify recurring themes related
to digitalisation and craft integration, sustainability and cultural heritage, and business and future industry
transformation.

The survey data were analyzed quantitatively usifingeapoint Likert scale, and the results were analyzed
using statistical methods. This process allowed the identification of general tendencies and attitudes toward
the hybridizing of traditional techniques and emerging technologies.

3. RESULTS and DISCUSSION
3.1. Survey Results
The findings from the survey are evaluated under three items:

Firstly, participants reveal the value of blended skills in education. A major proportion (82.8%) confirmed
that future fashion professionals will be required to combine tosditipractices with emerging digital
technologies, and similarly, 77.1% agreed that educational approaches should remain balanced in order to
achieve this without excluding either digitalisation or traditional craftsmanship.

Secondly, the findings demonrate that there are concerns about digitalisation and authenticity. More than
half of the participants (57.2%) stated that the authenticity of traditional crafts may be threatened by
digitalisation, while 37.1% maintained a neutral position. This datasmggest some hesitation, possibly
linked to limited familiarity with Al technologies and how they may relate to craft practices.

Another point is that respondents strongly support the digital preservation of traditional practices, and
85.7% agreed that is necessary to use digital archiving for sustaining cultural textile heritage and
recognised the essential role of digital tools in safeguarding conventional practices.

These findings reveal that students, as future designers, acknowledge the pdwigttal tools in fashion
design while highlighting the significance of a balanced approach between digital technologies and
traditional craftsmanship in future institutional education.

3.2. Interview Results

The interview results show that participants recoguligitalization and Al as increasingly integrated into

the industry. They believe it can improve efficiency, speed up workflows, and support idea generation,
particularly in visual content production. For this reason, they think it should be adoptedvidely. At

the same time, they do not view it as a substitute for craftsmanship in the design process. Craft is still
considered essential because of its cultural significance and emotional value. Participants generally
described the relationship betweteaditional craft practices and digital technologies as complementary
rather than conflicting. However, they also raised concerns about the authenticitgeriexhted outputs,

noting that such results can appear overly perfect and lack a human toecall, @\gitalization is not
rejected but approached cautiously and integrated selectively.

Participants pointed to a gap between fashion education and industry expectations, explaining that although
creative skills are developed well, practical experiemzbusiness knowledge are often underdeveloped.
Competencies such as marketing, brand development, and digital literacy were identified as essential, but
participants noted that these should be more fully integrated into the curriculum.
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Participants entpasized that transforming leftover materials into new products reduces waste while
enhancing creativity and product value. Beyond production methods, sustainability was also associated
with better planning and reduced overproduction. Traditional crafttipeacwere therefore seen as
inherently sustainable, promoting durability, uniqueness, and longer product lifecycles.

Participants also stressed that while digital technologies offer significant opportunities for archiving and
publishing cultural knowledgedigitalization is insufficient for preserving craft heritage because
craftsmanship is deeply involved in mastgprentice relationships. Digital archiving that typically consists

of photographs, videos, and documentation has a risk of superficialeejatéan if the cultural context,
narratives, and historical significance of crafts are not adequately expressed.

These results suggest that participants are more comfortable using digital tools in battedprocesses

rather than in the design stag@/hile digital tools are seen as helpful for managing production,
communication, and marketing, there is still a clear preference for keeping the design process more hands
on and personal. The findings also highlight a need for fashion education tdhkttere creative training

with practical and digital skills. In terms of cultural heritage, although digital tools make it easier to
document and share information, participants felt that they are not always enough to fully represent the
deeper meaning dnbackground of craft practices. This suggests that digitalization can support
preservation, but it needs to be used more carefully to also include cultural context, not just visual or
technical information.

4. CONCLUSION and FUTURE WORK

Both theinterview data and survey results point to a strong hybrid perspective, in which participants
position themselves between digital and etafsed practices rather than fully identifying with one side.
Digital tools are widely valued for their contributiots efficiency, visualization, documentation, and
businesgelated processes. However, they are less readily accepted in the design phase itself, where
creativity, individuality, emotional expression, and the human touch continue to be strongly asaditiated
handmade practices. In this respect, craft remains central not only as a production method but also as a
cultural and creative value.

At the same time, concerns about authenticity, particularly regarding dayitdl AFgenerated outputs,

show that pdicipants remain sensitive to the preservation of the human dimension of design. While
digitalisation is generally seen as useful for supporting sustainability, accessibility, and the preservation of
cultural heritage, the findings also suggest thatttsenit applications may be limited in communicating
deeper cultural meaning. This indicates that digital preservation should go beyond technical recording and
include narrative, context, and interpretation.

Overall, the findings suggest that the futurdasthion design may lie in a balanced and complementary
relationship between digital technologies and craftsmanship, where digital tools support and extend craft
practices without reducing their cultural, emotional, and creative significance.

For future work, the number of participants in both the survey and interview phases can be increased in
order to develop a broader and more representative understanding of these issues. In addition, the inclusion
of perspectives from the reatly-wear indwstry could provide further insight into how these dynamics are
understood in mass production contexts.
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ABSTRACT

Conductive embroidered structures are increasingly used in smart textiles iimiegration of antennas in

NFC and RFID systems, where controlled electrical resistance andefieked conductive geometry are
essential. The performance of such systems is controlled by a combination of material properties and
structural design. Whé increasing the conductive loop can enhance electromagnetic functionality, it
simultaneously introduces additional resistance losses. These effects are further influenced by stitch pattern,
stitch density, and the intrinsic electrical properties of cofidel yarns, making the optimisation of
embroidered conductive tracks a nyglirameter design problem.

This study investigates the influence of geometric parameters on the electrical resistance of embroidered
conductive structures, with a focus on stipetitern and density effects across different conductive yarns.
Rectangular conductive tracks with a fixed length of 100 mm and 5 mm width were fabricated using four
stitch patterns and three density levels. Multiple commercially available conductivestinigadifferent

linear resistances were used to evaluate material structure interactions under controlled fabrication
conditions. Electrical resistance was measured using amMioeiKelvin method specified in standard EN
16812 to ensure high accuracy aagdeatability.

The results show that electrical resistance is strongly dependent on both stitch pattern and density, with
significant variations observed across different configurations. The findings confirm that the electrical
behaviour of embroidered rductive structures cannot be described solely by material properties therefore
must also account for geometric design parameters. This highlights the importance of integrated material
geometry optimisation for the development of reliable embroidered reagen textilebased electronic
systems.

Keywords: stitching, geometry, NFC, RFID, pattern, density

1. INTRODUCTION

The development of-extiles represents a fundamental shift in wearable technology, enabling integration

of wireless communication capabilities directly into textile products [1,2]. Conductive embroidered
structures have emerged as a key solution foramphting wearable antennas using standard textile
manufacturing processes [3,4]. Embroidered antennas operate based on the same electromagnetic principles
as conventional ones. However, their implementation on textile backgrounds introduces specific design
limitations related to material properties and structural configuration [5,6].

The electrical performance of embroidered conductive tracks depends on both the linear resistance of
conductive threads and the geometric parameters of stitch pattern aityl [@eBis These factors influence

the effective conductive track length and continuity, which determine resistance and antenna performance.
Therefore, optimisation of embroidered structures requires balancing conductive track geometry with
minimal electrcal resistance to ensure stable and efficient operation [6,9,10].

Embroidered antennas face inherent limitations compared to metallic antennas. Conductive threads exhibit
significantly higher resistivity, and parasitic effects may arise during embroidédri2]. Common
conductive materials include twisted metal wires, sileercoppefcoated yarns, stainlesgeel fibres, as
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well as polymeibased conductive coatings such as PEDOT:PSS, PENL3]. Each material exhibits
distinct electrical behaviour, malg material selection a critical factor in design [6,14].

Previous studies have demonstrated that stitch pattern, type and density significantly affect electrical
properties by altering the internal structure of conductive trftkd 8]. However, existig research is
generally limited either to a restricted number of conductive threads or to a narrow range of stitch patterns.
As a result, combined effects of multiple conductive threads and diverse stitch configurations, particularly
regarding variabilityand stability of electrical resistance, remain insufficiently characterised

In this context, the present study investigates the electrical resistance of embroidered conductive tracks
using multiple conductive threads and stitch configurations, with pktiemphasis on the influence of
stitch pattern and stitch density on electrical performance.

2. EXPERIMENTAL STUDY

As the base fabric, a white 100% cotton twill weave fabric with a thickness of 0.53 mm and 270 g/m?
density was selected. It ¢haracterized by sufficient mechanical stability and stiffness, ensuring that the
conductive track geometry defined during embroidery is not altered by deformation of the fabric structure.

To assess how electrical resistance varies, six different eldlgtdoaductive threads were selected (Table

1). Five of the selected threads are metallized using silver coatings and one is made of-stéhless
filaments.Considering the capabilities of the equipment used, threads S1, S2, M1, and M2 were used as
uppe threads, while a standard 100% PES, 8.33 tex thread was used as the bobbin thread, forming an
embroidered conductive track system. For threads B1 and S3, this configuration was reversed, with the
conductive threads used as bobbin threads.

Table 1.Condutive threads specification.

LINEAR RESISTANCE
Code PrRoODUCT COMPOSITION DENSITY , TEX R, q /M
0 .
S1 | Shieldexi17/17 2ply HC + B 29:9% PA 6.6, Silver plated 29.6 <300
Nitrile rubber coating
0 )
S2 | shieldex23s/36 2ply HC + B 22:9% PA 6.6, Silveplated 50.6 80+30
Nitrile rubber coating
0 )
S3 | Shieldex235/36 4ply HC + B 29-9% PA 6.6, Silver plated 121 40+10
Nitrile rubber coating
M1 Madeira HC 40 100% PA, Silver plated 29.0 <300
M2 Madeira HC 12 100% PA, Silver plated 61.0 <100
BekaertBekinox . i
B1 VN 12/1x275/1007/316L Stainless steel filament yarn 235 30

To ensure that the results could be compared under identical conditions, conductive tracks of 100 mm in
length and 5 mm in width were embroidered using a Brother HB@MB880D embroidery machine. The
geometry and fill patterns of these tracks were dedigreing the opesource vector graphics editor
Inkscape, with the InkStitch plugin specifically developed for creating embroidery patterns. This plugin not
only offers a wide selection of embroidery stitches and their parameters but is also compatitile with
software of the Brother embroidery machine in use. A total of four different stitch patterns were selected
(Zigzag, Running stitch, Legacy and Tripple Zigzag), and three densities were defined for each conductive
track, resulting in 12 different geomnie configurations (Table 2). Each of designed conductive track was
embroidered with six different threads, resulting in a total of 72 samples for electrical resistance
measurements.
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Table 2.Conductivetrackpatterns specification.

Code Z1 Z2 Z3 R1 R2 R3 L1 L2 L3 TZ1 TZ2 TZ3
= — —
SCHEME
= = 5
som 5mm  5mm 5mm 5mm. 5™ Smm  5mm  smm  Smm  5mm  smm
TYPE* Z Z Z R R R L L L TZ TZ TZ
SPEC** | S0.5 S10 S15 PL7 PL5 PL3 S05 S10 S15 S05 S10 S15

*Abbreviations: Zi zigzag; Ri Running stitch; Li Legacy; TZi Triple zig-zag;
**Abbreviations: Si spacing between peaks, mm; Phumber of parallel lines;

Electrical resistance was measured using a four wire Kelvin method as specified in EN 16812:2016 [19],
with a Keithley 2614B SourceMeter®. The electrodes were attached to the embroidered conductive tracks

using special clamps, to ensure stable electrmatdact during measurement. The samples were measured
using an automatic 3@ycle measurement sequence, yielding average electrical resistance values with an

accuracy of 0.01 q.
To enable comparison of electrical performance across different conduatke sanormalised resistance

factor K was calculated (Eq.1).
Eq. 1

) -

where: RmpT measur ed |l i near resi st angielinearf resistanderobthed e r e d
conductive thread, qaq/ m;

A statistical evaluation of the experimental results was carried out using ANOVA to asssgaiftoance
of conductive thread type, embroiggattern, and density level on timeasured linear resistance values

3. RESULTS

Table 3 presents embroidered conductive track structures fabricated using the S1 conductive thread. The
images show the actual realised stitch patterns and density catifigs as implemented in the embroidery

process.
Table 3.Embroidered Conductivieackexamples using S1 thread

Code Z1 Z2 Z3 R1 R2 R3 L1 L2 L3 TZz1 TZ2 TZ3

: m I = g

= I =

f = -

s1 % |

(SHIELD : P g

117x2) i ; = :

’ g

ﬁ«L | b o8

ANOVA revealed statistically significant effects of conductive thread type Qu001)and embroidery
pattern (p = 0.002) on the linear resistance values. Density level did not demonstrate a statistically
significant effect (p = 0.730). Nevertheless, iuence may depend on the specific embroidery pattern,
suggesting interaction effects between variables.
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The analysis of linear resistance of embroidered conductive track @abdmfirms the prediction, that

higher thread linear resistance resultsighbr resistance values, regardless of stitch density and selected
pattern. The lowest values were obtained for threads with declared linear resistande®f3/ m ( B1 a
S3). Intermediate values, although relatively close to the minimum, were obtairtbdefids S2 and M2
with80100 q/m | inear resistance. The highest resist.:
decl ared <300 q/m |Ilinear resistance. The M1l threa
S3 shows the most stabjl Differences observed within groups of identical linear resistance further
indicate that electrical performance is not determined by material properties alone but is also influenced by
structural factors such as stitch pattern and density.

The analysi©f the normalised resistance factor K acrttgsad typegFig. 1) shows clear differences in

both median values and data spread. The lowest median K values are observed for S2 and M2 (1.83 and
1.38), while highest values are found for M1 and B1 (5.394a9#). The widest range is observed for M1

(1.66 15.18 with outlier value 26.09), S1 (0i44.80) and B1 (0.886.81), where extended whiskers and

outlier value indicate neaniform electrical response across different stitch configurations applied to th
same thread type. In contrast, S3 demonstrates a relatively narrow rangé.@@B®&ith a median of 3.05
reflecting more stable electrical behaviour. Overall, these results indicate that different threads exhibit
varying degrees of variability ia, reflecting differences in how consistently they perform across stitch
patterns.

Table 4. Linear resistance of conductive track.

Thread | -, 72 73 RI R2 R3 L1 L2 13 Tz1 Tz2 TZ3

Code

S1 | 5595 28123' 18173' 130.8 2752 230.8 47239' 31726' 193?3' 837.3 732.1 473.7

S2 | 128.1 719.3 5557 34.40 426 629 689.2 8743 6046 1347 157.0 1354
1335. 3736. 1266 1155. 7826. 4554. 3541. 1190. 1897.

M1 1 1 +6 8655 8820 . . 1 5 L 4983

M2 140.5 694.0 5150 504 559 68.0 819.6 926.5 650.0 119.4 1349 1245
Bl 504.3 267.0 1726 26.3 62.7 34.0 3295 202.1 148.2 117.8 148.7 107.8
S3 1559 1839 157.1 151 354 27.0 419 199.7 1296 753 124.0 120.0

30.00
25.00

20.00

15.00 “'

Resistance faktor, K

10.00 T
T
5.00 x X
0.00 + - =
51 s2 M1 M2 B1 s3

Conductive thread
Figure 1. Normalised resistance factor K by conductive thread type.

The analysis of K across stitch patterns (Fig. 2) demonstrates that stitch pattern has a strong influence on
both magnitude and distribution of electrical response. Running stitch patterns show the lowest median K

values (0.420.78) and the narrowest spdeaespite few outlier values (R12.89, R3i 3.85), indicating

the most stable and efficient conductive behaviour. Legacy stitch patterns exhibit the highest median values
(6.579.80) and the widest distributions, with values for L1 from 1.05 reachirtg @6.09, confirming

strong resistance amplification due to elongated conductive tracks. Zigzag patterns show intermediate
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medians (2.8%.00) with considerable variability, while Triple Zigzag patterns demonstrate lower medians
(1.682.34) and reduced sfiersion compared to Zigzag structures.

While stitch pattern determines the overall level and distribution of K, the analysis of density impact on the

K factor (Fig. 2) shows no clear overall correlation, suggesting that pattern type dominates over density
effects. The Zigzag pattern exhibits an invertedhadped response, with K values increasing from Z1 to

Z2 and decreasing at Z3 (5.08.551 6.15). The Triple Zigzag pattern shows a similar trend, with a peak

at intermediate density (2.533.361 2.13for TZ1i TZ3, respectively). The Legacy stitch demonstrates a
positive relationship between stitch density and electrical resistance, with higher density corresponding to
hi gher K values, as K decreases consiRanniegrstitchy f r o
pattern shows a weak and partially saturating trend, with K values increasing from R1 to R2 and remaining
stable at higher densities (0.82.327 1.32).

30.00
25.00

20.00

15.00

Resistance faktor, K

10.00

5.00 @ .
° X
-
. B B
R1 TZ1 TZ2 TZ3

R2 R3 L1 L2 L3

0.00
Stitch Pattern

Figure 2. Normalised resistance factor K by stitch pattern.

4. CONCLUSION

The results show that the electrical performance of embroidered conductive paths is determined by the
combined influence of thread properties and stitch pattern, while stitch deesipnstratea secondary,
patterndependent effect. Absolute resistan@elvues r eveal a wide dynamic
confirming strong interactions between thread properties and conductive track geometry.

The normalised resistance factor K highlights structural effects independent of thread linear resistance.
Threaddviadeira HC 40 (M1) and Shieldex 117/1-ply HC + B (S1) exhibit the highest variability (up to

d426 and &416), whewpegys HEhi+e IBd exS 32 3 55/ h306w s4 iAB), e st al
indicating more consistent performance across stitch patterns.

Stitch pattern is identified as the dominant factor affecting electrical behaviour. Running stitch provides the
lowest and most stable performance, whereas Legacy patterns exhibit the highest resistance amplification.
Zigzaghbased patterns show néinear, patterndependent behaviour with no consistent relationship with
stitch density.

For optimal conductivity, the Shieldex 235/3¢K HC + B (S3) thread combined with a Running stitch
pattern, seven parallel lines configuration, is recommended. Zigzagrnsatshould be avoided in
applications requiring predictable electrical performance due to theilimear response to stitch density,
highlighting that both material selection and stitch design must be considered when developing embroidered
conductive guctures.
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ABSTRACT

This study focuses on the development and optimisation of electroless copper plating processes to achieve
stable and uniform metal deposition on PRdplar hybrid nonwoven fabrics. The nonwoven structure
consists of approximately 67% polyethylene teredhtba(PET) fibres and 33% poplar fibrasey

parameters influencing metallisation behaviour and conductivity were studied to enhance coating quality
and electrical performancglthough low initial resistance values (8 q/ sq) wer e achi eve
i ncreaseiMgo ralmge k avas o btreagment ardl coaditioning, indicating limited

coating stability and highlighting a key challenge in achieving stable conductive performance in practical
wearable heating applications.

Keywords: Conductive textileklectroless copper plating, Lignocellulosic biomdET fibres Poplar
fibres

INTRODUCTION

Nowadays, the growing demand for smart and wearable electronic systems attracted significant interest in
development otonductive textiles [i13]. Numerous studies have explored the integration of electronic
functionalities into textildbased applications. including sensing, energy management, and thermal
regulation [2,3]. Among various fabrication techniques, due to H#yatn deposit metallic layers on
complex and noftonductive surfaces without the need for external electrical current, electroless copper
plating is widely recognised as a cestective and scalable method for imparting electrical conductivity to
textile substrates [4,5]. The process is autocatalytic, typically involving surface preparation, catalytic
activation, and subsequent metal deposition from a chemica]Hath

Conventional electroless copper plating generally involves surface preparaigitisaton, activation and
copper deposition, commonly wusing SnCl [/ Pd acti\
However, formaldehyde raises significant health and environmental concerns [7], whdsdetactivation

increases process co8i.[Accordingly, alternative approaches have been explored, including the use of
glyoxylic acid as a formaldehydece reducing agent [9,10] and Agr Cubased activation routes as
substitutes for conventional Pd/Sn systems [8], as well as optimisatiathgbarameters such as reducing

agents, complexing agents and operating conditions to improve process efficiency and environmental
compatibility [7]. However, achieving both high conductivity and lbaign stability remains a recognised
challenge. Thisg particularly evident for heterogeneous textile surfaces, where coating adhesion and
durability are strongly influenced by surface characteristics and processing conditions [4].

In this study, a PETpoplar hybrid nonwoven fabric incorporating poplar déibr derived from
lignocellulosic biomass residues was investigated. This work aims to identify the key process parameters
governing the electroless copper deposition on this hybrid structure and evaluates the influence of key
process parameters on coatingality and conductive performance, particularly in relation to coating
stability and conductivity.
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EXPERIMENTAL STUDY
1.1 Materials

A PETi poplar hybrid nonwoven fabric consisting of approximately 67% polyethylene terephthalate
(PET) and 33% poplar fibres wased as the substrate. Prior to metallisation, the fabric was cut into
specimens of 2 x 2 cm, each with a mass of approximately 0.15 g. Sodium carbonate, citric acid
monohydrate, hydrochloric acid, tin (II) chloride, silver nitrate, ammonia solution, céippsulfate
pentahydrate, ethyl enedi ami net et r a-bipyadiné and aci d
glyoxylic acid monohydrate were respectively used for the cleaning, etching, sensitisation, activation
and electroless copper plating processes.

1.2 Methodology

A sequential experimental approach was adopted to investigate the influence of etching temperature,
sensitisation and pesictivation treatment on electroless copper plating performance.

Experimental Set 1 (ES1¥ompared etching at 90 °C and roommperature. Subsequently
Experimental Set 2 (ES2valuated the effect of omitting sensitisation, and event&perimental
Set 3 (ES3gxamined different posictivation treatments.

1.2.1 Pre-treatment

The samples were cleaned usinganaqueond ut i on containing sodium ca
a 2% wetting agent at 80 °C for 1 h and then rinsed with distilled water at 80 °C. Etching was performed
using a citric acid solution (20 g/L) for 2 h under two conditions: 90 °C and room tempe#dtare

etching, both samples were rinsed thoroughly with distilled water and dried at 70 °C for 1.5 h.

1.2.2 Sensitisation & Activation

For conventional processing, sampl es were i mmei
g/L) and HCI (5 mL/L) a5 °C for 20 min, then rinsed thoroughly with distilled watarselected
experimental sets (ES2), sensitisation was omitted to evaluate a simplified processictivation

was carried outusingasilvbras ed sol ution cont BHni O 0AQNOL) (&0
for 1 h, followed by rinsing with distilled water. Activated samples were eitheirigid under dark

conditions for 24 h, thermally treated at 50 °C, or transferred directly to the plating bath without any
intermediate drying, depdimg on the experimental set.

1.2.3 Plating

Electroless copper plating was carried out using an alkaline glyoxyliebased bath containing
copper(ll) sulfate pentahydrateC u S O &/ etlylenediaminetetraacetic a¢EDTA, 70 g/L),

glyoxylic acid monbhy dr at e ( 1 6-bipgridyl 3s,stabaiserd The hath NH was adjusted to
011.8 using 10 M NaOH, and plating was perfor me
at 200 rpm. Samples were suspended in the bath using a thin nylon thmedictéan positional stability

during deposition. Immediately after plating, electrical resistance was measured without rinsing to
capture the initial plated conductive state.
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1.2.4 Posttreatment

After the initial resistance measurement, the samples weedrthsroughly with distilled water and
dried at 60 °C for 1 h in the oven. A second resistance measurement was then performed, followed by
conditioning for 24 h at 20 + 1 °C and 60% relative humidity before subsequent measurement.

Table 1. Summary of subsguent experimental sets, initial resistance values, observations

Experimental Initial resistance

Variable Condition Key observation / decision
set (q/ sq)

Etching A . )

ESIRT RT + sensitisation 3.39+0.44 Lowest resistance; RT selectg
temperature

ES190 Etching 90 °C + sensitisation  ||[172.6 + 5.8 Increased _ hydrophilicity b
temperature poorer conductivity

o . o Conductive withody

Sensitisation RT + without sensitisatid L -

ES2 / ES31 reference + 24 h air drying 8.74+1.31 sensitisation; simplified rou

selected

ES32 Postactivation |[|RT + c\)/wthout sensitisatid 1815+ 175 The_zrmal treatment increag
treatment + 50 °C treatment resistance

ES33 Postactivation ||RT + without sensitisatig 9355 + 12181 nghily variable and unstablg
treatment + wet transfer coating

Note: Initial resistance values were measured immediately after plating, before rinsing and drying.
RESULTS & DISCUSSION

In Experimental Set 1 (ES1despite the increased hydrophilicity observed after high temperature etching,
samples treated at room temperature showed considerably lower residtan8ey N )@hardthe org/ s q
etched a0 °C. Thus, suggesting the improvement in wettability duringtpeatement stage does not
necessarily mean better conductive performanter alating. Based on these findings, the RT etching
condition was selected for further experimentation. In subsedbgr@rimental Set 2 (ES23ensitised
samples exhibited lower resistance valies (3 9 N )ompared tp/nasensitised samples.74 +

1. 31). Althaaigh sensitisation improved initial conductive performance, theseositised samples
also exhibited conductive behaviowithin the same order of magnitude. Considering the reduced process
complexity and elimination of additional chaal steps, the nesensitised route was selected for the
following experimentsExperimental Set 3 (ES3kvealed that posictivation treatment had a strong
influence on conductive performance. Samples subjectéteimal treatment at 50 °C (E&3 exhibited

a substantial increase inresistancé ® 1 . 5 N |4 Gontrast, samles transferred directly to plating
without drying(ES33) showed extremely higher resistance value 3 55 N 1, actoghfanied/bys q )
very large variability. The resiance values in this condition spanned several orders of magnitude,
indicating highly noruniform conductive behaviour.

These results suggest that pastivation conditions are critical for the stability and uniformity of the
conductive coatingThis implies the integrity of the conductive pathways formed during plating is highly
sensitive to these conditions, particularly drying and thermal effaathermorelarge standard deviations
observed in ES3, particularly in the wet condition, and a highegeof instability in the conductive coating
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may be attributed to the disruption of highly sensitive conductive pathways duringctigation
treatment.

Additionally, in all cases, an immediate increase in resistance was observed after plating equestbs

drying. A further rise in electrical resistance was recorded over time under ambient conditions. Even in
some cases, resistance values increased to the kece
results indicate that the conductive dngtis not only sensitive to peattivation, plating and drying
processes but also undergoes progressive-dependent degradatioifhe results further suggest that

initial low resistance values obtained immediately after plating do not necessariy sedlde conductive
performance.

The observed deterioration in conductive performance aftertigadinent processes is consistent with
previous studies, which report that conductive coatings on textile substrates exhibit poor adhesion and
limited durability [4]. The heterogeneous nature of textile structures also contributes-tmiform coating
behaviour and instability in conductive pathways [11]. In this study, this effect is manifested as variability
and a significant increase in resistance. Funtioee, the results show a tvetage degradation behaviour,

with an initial increase in resistance after piosatment followed by further degradation over time. The
observed increase in resistance may be associated to degradation of conductive pattevdgdhupost
treatment and ambient conditions. This behaviour may also be associated with oxidation of the deposited
copper layer, which can lead to the formation of less conductive oxide phases, as reported in the literature
[4,12].

While low resistance values can be achieved immediately after plating, maintaining stable conductive
performance remains a challenge for textitgssed metallisation systems. These findings highlight that
initial conductivity does not necessarily reflect lelegm peformance. Therefore, this emphasises the
importance of improving coating adhesion and stability for reliable application in wearable textile systems.

CONCLUSION

This study investigated electroless copper plating oniB&flar hybrid nonwoven fabrics ugina
sequential experimental approach. While low resistance values can be achieved immediately after plating,
conductive performance is highly sensitive to processing conditions.

Although higher etching temperatures improved hydrophilicity, they resulte@oorer electrical
performance. Sensitisation reduced resistance; however, acceptable conductivity was also achieved without
sensitisation, allowing for a simplified process.

The most significant finding is the strong influence of gosatment condition®n coating stability.
Resistance increased substantially aftiMqg drayigreg
This behaviour indicates a progressive degradation of conductive pathways, driven by both drying and
environmental exposure evtime.

Overall, these findings indicate that initial conductivity does not representtéomg performance.
Improving coating adhesion, structural uniformity and resistance to degradation remains a key challenge
for conductive textile systems.
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ABSTRACT

This study addresses the challenge of designing functional and comfortable knitted fabrics for individuals
with sensitive skin, fousing on comfort, functionality, and sustainability. The focus lies in the utilization

of Umorfil® viscose fiber, a biofunctional material enriched with marine collagen peptides, selected for its
superior skin compatibility, moisturegulating propertiesand reduced irritation potential. To maintain
elasticity without compromising dermatological safety, the fabric incorporatessporeyarns where
elastane is fully encapsulated by the Umorfil® viscose sheath, thus preventing direct skin contact with
syrthetic materials. A total of six fabric variants were initially produced using three standard knitted
structuresd namely Plain jersey, 1x1 Rib, and Interlodk manufactured with two yarn feeding
configurations (full corespun and hybrid). Initial evaluatis led to the exclusion of hybrid fabrics due to
noticeable dimensional instability and high spirality. The remaining full-spoe fabrics were subjected

to moisture comfort related performance assessments in accordance with textile standardspnrnt@dditi
their mechanical as well as dimensional properties such as bursting strength and dimensional stability. The
results demonstrated that the full ceun plain jersey structure exhibited the most favorable overall
performance. In particular, it achies a high Overall Moisture Management Capacity (OMMC, ~0.82),
higher water vapor permeability (67%), and adequate mechanical durability. These findings indicated that
the Plain jersey structure is the optimal design for dermatologically preferable, raeelyable, textile
solutions addressing to people with sensitive skin.

Keywords: Sensitive Skin, Knitted Fabric, Umorfil® Viscose, G8mun, Moisture Management

1. INTRODUCTION

Sensitive skin is a prevalent dermatological condition characterizesthltjective symptoms such as
burning, stinging, itching, and tightness, frequently occurring without visible clinical lesions [1, 2].
Epidemiological data indicate that atopic dermatitis (AD), the most common manifestation of sensitive
skin, affects apppomately 15 20% of children andiB3% of adults globally, representing a significant
public health burden [1]. The pathophysiology of sensitive skin involves a compromised epidermal barrier,
heightened neurosensory reactivity, and increased transepideateall@ss (TEWL), all of which render
the skin more susceptible to external irritants, including textile materials in direct contact with the body [2].

The interaction between textiles and human skin is a critical yet often underappreciated factor in
dermdological health. Fiber composition, yarn structure, fabric construction, surface roughness, and
moisture transport properties collectively determine the comfort and biocompatibility of a textile product
[3, 4, 11]. For individuals with sensitive or atogskin, inappropriate textile choices can exacerbate
symptoms by increasing friction, trapping moisture against the skin, and creating a microclimate conducive
to irritation and microbial proliferation [10, 12]. Conversely, thoughtfully engineered teséiteserve as
a therapeutic interface, actively managing moisture, reducing mechanical irritation, and supporting the
skinés natur al barrier function [3, 4].

A growing body of literature has explored functional textiles designed specifically for sensitive a
atopic skin. DermaSilk®, an antimicrobial silk fabric with sericin removed, has been shown to reduce
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SCORAD (Scoring Atopic Dermatitis) scores in clinical trials, attributed to its smooth surface and inherent
biocompatibility [5]. Similarly, studies osuperfine Merino wool fibers with diameters of 17.5 um or less
demonstrated improvements in EASI (Eczema Area and Severity Index) scores, challenging the
conventional assumption that wool is universally irritating to sensitive skin [6]. Chitasdad cdbn

textiles have been reported to reduce SCORAD scores by 43.8%, leveraging the antimicrobial and moisture
absorbing properties of chitosan [7]. Furthermore, linen fabrics functionalized with-delaved
microcapsules have shown measurable improvemniangkin hydration parameters [8]. These studies
collectively underscore the potential of matetélel innovation in textile engineering to address
dermatological needs [12, 17].

Despite these advances, a notable gap persists in the literature conttexrapglication of collagen
peptideenriched regenerated cellulose fibers for sensitive skin textiles. Umorfil® viscose is a biofunctional
fiber produced through the incorporation of marine collagen peptides into the viscose spinning dope,
resulting in a iber that inherently possesses-ptffering capacity, enhanced moisture regulation, and
superior skin compatibility compared to conventional viscose [9]. The collagen peptides embedded within
the fiber matrix are gradually released during wear, providisgstained skitonditioning effect. These
properties make Umorfil® viscose a promising candidate for-gemeration sensitive skin textiles, yet
systematic studies evaluating its performance in knitted fabric structures remain scarce.

In addition tofiber selection, yarn architecture plays a crucial role in dermatological suitability- Core
spun yarn technology, in which an elastane filament is fully encapsulated by a staple fiber sheath, provides
stretch and recovery while preventing direct contatwéen the synthetic elastane core and the skin surface
[10, 13]. This is particularly relevant for sensitive skin applications where minimizing synthetic exposure
is a fundamental design criterion.

The choice of knitted fabric structure furthefluences functional performance. Single jersey structures
are lightweight and breathable, suited for blaser garments [13, 14]. Rib structures (1x1 rib) offer
enhanced elasticity and stretch recovery, while interlock structures provide superionahalestability
and a denser fabric surface [13, 15, 16]. Each structure presents distinoffsagih respect to moisture
management, air permeability, mechanical durability, and dimensional stability [18, 19].

The present study aims to identify thgtional knitted fabric structure for sensitive skin applications by
evaluating three knitting constructiods Single Jersey, 1x1 Rib, and Interloék produced using
Umorfil® viscose corespun yarns. Six fabric variants were produced with two feeding coafigas: full
corespun and hybrid. Following preliminary assessments revealing dimensional instability in hybrid
constructions, the study focused on full eepein variants. Comprehensive characterization encompassing
physical, mechanical, and moisturemagement properties was performed before and after five laundering
cycles, aiming to establish an evide#i@sed recommendation for sensitive and atopic skin textile design
[14, 20].

2. EXPERIMENTAL STUDY

2.1. Materials

Two types of yarns were utilized this study: a conventional rirgpun Umorfil® viscose yarn and a
corespun Umorfil® viscose yarn. The conventional yarn was produced at a linear density of Ne 40/1 with
a twist level of 1000 T/m and contained no elastane component. Theprorgarn wasmilarly produced
at Ne 40/1 with a twist level of 920 T/m, incorporating a 22 dtex elastane filament as the core material,
resulting in an elastane content of 3% by weight. In the-gpua configuration, the Umorfil® viscose
fibers form a complete sheahound the elastane core, ensuring that no synthetic material comes into direct
contact with the skin surface. The yarn specifications are summarized in Table 1.

Table 1.Yarn specifications used in fabric production.

Yarn Type Count (Ne) Structure Core Cover Elastane (%) | Twist (T/m)
M aterial Material
Conventional 40/1 Ring-spun 0 Umorfil® 0 1000
Viscose
Corespun 40/1 Corespun Elastane (22 Umorfil® 3 920
dtex) Viscose
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Yarn tensile properties were evaluated in accordance with ISO 2062oiWentional yarn exhibited a
breaking force of 167 + 22.5 cN, an elongation at break of 17 + 8.2%, and a tenacity of 11.5 + 1.6 cN/tex.
The corespun yarn demonstrated a substantially higher breaking force of 2141 + 195 cN with an elongation
at break of 1.71 + 0.93% and a tenacity of approximately 13.0 cN/tex. The markedly higher breaking force
of the corespun yarn is attributed to the reinforcing contribution of the elastane core filament, while its
lower elongation at break reflects the restrainingatfof the elastane under tensile loading.

2.2. Fabric Production

A total of six fabric variants were produced by combining three standard knitted structures with two
yarn feeding configurations. The three knitted structéreSingle Jersey, 1x1 Rib, andtérlockd were
selected to represent a range of structural characteristics relevant-tayeasgarment applications. For
each structure, two feeding configurations were employed: a fullspane configuration (100% cospun
yarn at all feeders) andngbrid configuration (alternating cospun and conventional yarns). The knitting
machine specifications for each structure are presented in Table 2.

Table 2.Knitting machine specifications for each fabric structure.

Structure Gauge (GG) Feeders Needle Systems
Single Jersey 28 26 78
1x1 Rib 20 30 60
Interlock 28 30 94

2.3. Test Methods

All produced fabrics were characterized using a comprehensive set of standardized test methods to
evaluate their physical, mechanical, and moistnemagement properties. Basis weight was determined
according to ISO 3801, and fabric thickness was measured under a standard pressure of 1 kPa in accordance
with ISO 5084. Dimensional stability and spirality were assessed following five domestic wastiagy cy
at 40°C as per ISO 5077, with washing conditions specified by ISO 6330.

Air permeability was measured using the pressinop method at 125 Pa in accordance with ASTM
D737. Fabric porosity was calculated using the bulk density method, applying rindefd?(%) = [1i
(bulk density / fiber density)] x 100. Vertical wicking behavior was evaluated according to DIN-53924
2020 to characterize capillary liquid transport. Moisture management properties, including wetting time,
absorption rate, spreading speadd overall moisture management capacity (OMMC), were measured
using the SDL Atlas Moisture Management Tester in accordance with AATCC 195. Water vapor
permeability was determined using the Permetest instrument following TS EN ISO 11092. All tests were
performed on both unwashed specimens and specimens subjected to five domestic washing cycles to assess
the durability of functional properties.

3. RESULTS AND DISCUSSION

3.1. Prewash Fabric Properties

The physical and mechanical properties of the six ¢alariants in their unwashed state are presented
in Table 3. Across all three structures, the full egpan variants consistently exhibited higher basis weights
and greater fabric thicknesses compared to their hybrid counterparts. This is attributeblegber linear
density contribution of the elastane core present in every course of the fedlecoréabrics, resulting in a
more compact and heavier fabric structure.

Table 3.Physical and mechanical properties of unwashed fabric variants.

Fabric Weight Thickness Stitch Air Perm. Porosity Bursting Pilling

Type (g/m2) (mm) Density (cm3/cmz/s) (%) Str. Grade
(kg/cm?)
Single 157.35 0.490 17x30 24.80 78.44 9.12 3i4
Jersey (Full)

Single 137.56 0.464 16x27 43.98 80.17 9.76 3
Jersey

(Hybrid)
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Rib (Full) 219.68 0.680 13x2x25 15.42 78.31 9.33 3
Rib 170.41 0.642 11.5x2x24 57.40 82.24 8.43 3
(Hybrid)
Interlock 307.55 0.796 17x28 3.90 74.06 13.48 3
(Full)
Interlock 259.79 0.756 17x26 13.26 77.01 12.91 3
(Hybrid)

The interlock structur@xhibited the highest basis weight (307.55 g/m?2) and thickness (0.796 mm),
consistent with its doublfaced construction. The single jersey was the lightest (157.35 g/m?) and thinnest
(0.490 mm). Air permeability followed an inverse relationship with fabensity: single jersey exhibited
the highest value (24.80 cm3/cm?/s) among full epen fabrics, while interlock showed the lowest (3.90
cms3/cm?/s). Hybrid variants demonstrated higher air permeability than their fulsporecounterparts due
to redwced elastane content and looser structure.

Initial evaluation of dimensional stability and spirality revealed that the hybrid fabric variants exhibited
noticeable dimensional instability and elevated spirality values compared to the fudipcorerariants
This behavior is attributed to the inconsistent tension distribution resulting from alternating yarns with
different elastic properties at successive feeders. The asymmetric elastic recovery in hybrid fabrics induces
differential shrinkage and torquealting to fabric distortion. Based on these findings, the hybrid variants
were excluded from further testing, and all subsequent analyses were conducted exclusively on the full
corespun fabric variants.

Moisture management properties of the unwashed fatwece assessed using the AATCC 195 standard.
The single jersey structure exhibited an OMMC value of approximately 0.65, while the rib structure
achieved a slightly higher OMMC of approximately 0.70. The rib (hybrid) variant showed the highest
cumulative me-way transport capacity (COTC) among all prash variants, attributed to its relatively
open structure facilitating capillary liquid transport. Water vapor permeability measurements indicated that
the single jersey structure performed best at approzlyn&8%, followed by rib and interlock structures,
with the interlock recording the lowest value at approximately 51%. Theseasteresults established a
baseline for evaluating the effects of laundering on functional performance.

3.2. Postwash Fabric Roperties

A critical aspect of evaluating biofunctional textiles for chronic dermatological conditions is their long
term functional durability under repeated maintenance cycles. While conventional functional textiles often
rely on topical surface coatings microcapsules that progressively leach during laundering, the Umorfil®
viscose fiber utilized in this study intrinsically features marine collagen peptides. This chemical and
structural integration ensures that the biofunctional properties are ndy inansient surface phenomena
but are sustained throughout the textile's lifecycle.

Following five domestic washing cycles, the three full egpan fabric variants were-svaluated. The
physical and mechanical properties of the washed fabricprasented in Table 4. All three structures
exhibited increases in basis weight and thickness after washing, consistent with the expected relaxation
shrinkage behavior of knitted fabrics containing elastane.

Table 4.Physical and mechanicatoperties of washed full coispun fabrics.

Fabric Weight Thickness Stitch Air Perm. Porosity Bursting Pilling
Type (g/m2) (mm) Density (cm3/cmz/s) (%) Str. Grade
(kg/cm?)
Single 212.80 0.562 16x26 15.92 74.58 8.13 3
Jersey
Rib 266.05 0.724 13x2x26 8.96 75.33 7.97 4
Interlock 385.90 0.926 20x31 2.68 72.02 11.65 3

Dimensional stability analysis revealed structdependent shrinkage patterns. The single jersey fabric
exhibited shrinkage of 8.2% in the length direction and 13.9% in the didibtion, with a spirality of
2.2%. The rib structure showed shrinkage of 13.0% in length and 2.9% in width, with a spirality of 3.8%.
The interlock structure demonstrated shrinkage of 9.7% in length and 9.1% in width, with the highest
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spirality at 4.0%The notably lower spirality of the single jersey structure is a significant advantage for
garment applications, as spirality causes seam displacement and visual distortion that can increase
mechanical irritation on sensitive skin.

Postwash moisture managient testing revealed substantial improvements, particularly in the single
jersey structure. The single jersey fabric achieved the highest OMMC of approximately 0.82, a significant
enhancement from its pseash value of 0.65, attributed to fabric densificn enhancing capillary action.

The COTC of single jersey reached approximately 410%, indicating excellent unidirectional moisture
transfer. The rib structure exhibited the highest absolute COTC but a lower OMMC, suggesting less
balanced moisture managent. The interlock recorded the lowest values in both metrics, consistent with
its dense construction.

Water vapor permeability of the washed single jersey fabric was measured at approximately 63%,
remaining the highest among all thegrictures despite a modest decrease from theg@sh value of 68%.
This slight reduction is consistent with the increase in fabric density following relaxation shrinkage. The
combination of high OMMC, high COTC, and superior water vapor permeabilittigyesihe single jersey
structure as the optimal choice for sensitive skin applications, where effective moisture management is
essential to maintain a dry and comfortable skin microclimate [14, 18, 19].

Considering all evidence, the falbrespun single jersey fabric demonstrates the most favorable balance
of properties for sensitive skin garments. Its lightweight construction (212.80 g/m?2), low spirality (2.2%),
highest OMMC (0.82), best vapor permeability (63%), and adequate burstmgtht (8.13 kg/cm?)
collectively establish it as the recommended structure. Thesporre yarn design ensures no elastane
contacts the skin, while Umorfil® viscose provides collageptide conditioning and moisture regulation
[9, 20].

From a clinical pespective, the translation of laborataneasured moisture management metrics into
dermatological benefits is of paramount importance for patients suffering from atopic dermatitis (AD) and
sensitive skin. Thenderlying disease mechanighAD is fundamentidy rooted in a epidermal barrier,
which triggers an elevated transepidermal water loss (TEWL) and reactivity to tactile stimuli. The post
wash single jersey fabricdéds high Overall Moi st ur €
vapor permeabily (63%) directly address thidisturbsanceBy rapidly transporting liquid sweat away
from the skin and allowing efficient vapor dissipation, this specific structure prevents the formation of a
humid, occlusive microclimat®linimizing moisture entrapmei# crucial to prevent the itescratch cycle
that routinely exacerbates AD lesions.

Furthermore, the corspun yarnstructure which entirely shields the skin from synthetic elastane
contact, effectively mitigates mechanical friction. The biological syneof the collagen peptides,
combined with the lowest pestash spirality (2.2%) of the single jersey construction, minimizes localized
shear stress and seam displacement against inflamed epidermal sites.

4. CONCLUSION

This study systematically evaluatsik knitted fabric variants produced using Umorfil® viscdsea
marine collagespeptideenriched biofunctional fibed to identify the optimal fabric construction for
individuals with sensitive and atopic skin. The investigation encompassed three &mittédres (Single
Jersey, 1x1 Rib, and Interlock) manufactured with two yarn feeding configurations (fulbproreand
hybrid), followed by comprehensive characterization of physical, mechanical, and moisture management
properties before and after fivemestic laundering cycles.

The hybrid fabric variants were eliminated from further evaluation due to their pronounced dimensional
instability and elevated spirality, attributed to asymmetric elastic behavior arising from alternating yarn
types. Among thehree full corespun variants, the single jersey structure demonstrated the most favorable
overall performance profile. Specifically, it achieved an OMMC of approximately 0.82, a water vapor
permeability of approximately 63%, and the lowest spirality o#@&fter washing, while maintaining
adequate mechanical durability with a bursting strength of 8.13 kg/cm?2.

The corespun yarn architecture successfully prevented direct elaskamecontact, preserving the
dermatological safety of the fabric while providithe necessary stretch and recovery for comfortable
garment fit. The Umorfil® viscose fiber contributed inherent biofunctional properties, including cellagen
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peptide release, pHuffering capacity, and enhanced moisture regulation, all of which areidiahtr
compromised skin barriers.

Based on these findings, the full ceeun single jersey construction with Umorfil® viscose is
recommended as the optimal fabric design for sensitive skinlégsegarments. Future work should
explore the integratiowf antimicrobial finishing treatments, seamless knitting technologies to further
minimize mechanical irritation, and clinical trials involving patients with diagnosed atopic dermatitis to
validate the irvivo performance of the developed fabric.
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EVALUATION OF HIGH -TENACITY POLYESTER YARNS ON THE
ABRASION RESISTANCE OF AUTOMOTIVE SEAT FABRICS

EmirBal t a%SmihOyla, Benami%SeFiednaanycBEINUr Kkdyed®a Uyaneéekt é

Martur Fompak InternationgdR & D, Bur sa / T| RKKYE

emir.baltacioglu@marturfompak.com

ABSTRACT

Automotive seat fabrics are required to exhibit higgthanical strength and durability due to the intensive
service conditions encountered throughout the vehicle's lifecycle. Among textile materials, polyester yarns
are extensively preferred in automotive applications owing to their optimum mechanicatipsopad
dimensional stability under demanding conditions. Furthermore, Original Equipment Manufacturers
(OEMs) are increasingly demanding enhanced abrasion resistance to ensteentopgrformance across
various vehicle segments, such as public traigfion and logistics vehicles. Although the utilization of

High Tenacity Polyester (HT PES) yarns has historically been limited byspeerperformance and cost
benefit considerations, their technical suitability for the specific production volumessef$bgments has
recently gained significant importance among OEMs.

This study investigates the usability of high tenacity polyester (PES) yarns in automotive seat fabrics by
focusing on the effect of yarn structure and combinations on abrasion perforinéitnie the scope of the

study, woven fabrics were produced using different yarn types and configurations. High tenacity polyester
yarns were used in two different forms: flat andtektured (ATY). In addition, virgin polyester yarns were

also includedn the study to provide a comparative evaluation. Various combinations of these yarn types
were applied in both warp and weft directions during the weaving process in order to observe their influence
on fabric performance.

Following the weaving procesthe same finishing processes were applied to all produced fabrics. After
finishing, the fabrics were subjected to autometielated abrasion tests to observe their durability and
resistance to wear. The obtained test results were analyzed and comparddrimoogvaluate the
performance differences between yarn structures and combinations.

The findings of this study provide an evaluation of the suitability of high tenacity polyester yarn structures
for automotive seat fabrics and contribute to a betterrgtateling of their performance limits in terms of
abrasion resistance and durability in automotive textile applications.

Keywords: Automotive textiles, High tenacity polyester, Abrasion resistance, Air textured yarn (ATY), Flat
Yarn

1.INTRODUCTION

Automotive seat fabrics are required to maintain their structural integrity and aesthetic properties under
prolonged mechanical and environmental stresses throughout the vehicle lifecycle, which typically exceeds
ten years. Therefore, high alsion resistance, tensile strength, dimensional stability, and resistance to
environmental factors such as ultraviolet (UV) radiation are considered critical performance criteria for
these materials [1IAmong these requirements, abrasion resistance isfdhe most decisive parameters,
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as it directly affects the durability and service life of seat upholstery under repetitive loading and friction
conditiong[2].

The performance of automotive textiles depends on several factors, including fiber tyséruciane, and

fabric construction. Among these, the selection of fiber and yarn type plays a dominant role in determining
the resistance of fabrics to wear and mechanical degradation. Polyester fibers have been extensively used
in automotive applicationdue to their balanced mechanical properties, cost efficiency, and suitability for
largescale production. Their high strength, good abrasion resistance, and low moisture absorption make
them the most widely preferred fiber type in automotive seat fal®jcs [

However, increasing performance expectations from Original Equipment Manufacturers (OEMS),
particularly in highusage applications such as public transportation and commercial vehicles, have led to
the need for materials with enhanced durability. Catigeal (virgin) polyester yarns, while adequate for
standard applications, may not always provide sufficient-teng abrasion resistance under intensive
service conditions defined by automotive standards [4]. In this context, high tenacity polyesRESHT
yarns, which exhibit higher molecular orientation and improved mechanical strength, have gained attention
as a potential alternative for higierformance automotive textiles [5].

In addition to fiber properties, yarn structure significantly influentagric surface characteristics and
abrasion behavior. Different yarn forms, such as flat yarns aréxired yarns (ATY), can alter the
frictional interaction and wear mechanisms of woven fabrics, thereby affecting their overall performance
[6]. Despte this, comparative studies focusing on the effect of high tenacity yarn structures on abrasion
resistance in automotive seat fabrics remain limited.

In this study, the abrasion performance of automotive seat fabrics was evaluated by comparing different
polyester yarn types and structures. Three different woven fabric constructibribegiame pattern were
produced, all having virgin polyester yarns in the warp direction. The weft yarns were varied as follows:
virgin polyestetyarn, high tenacity flat ptyesteryarnand high tenacity aitextured polyesteyarn(ATY).

The produced fabrics were subjected to Martindale and Velcro abrasion tests in order to assess their
performance under automotive usage conditions

2. EXPERIMENTAL STUDY

This studyinvestigates the effect of different polyester yarn types on the abrasion performance of
automotive seat fabricShree different woven fabric samples were produced by varying the weft yarn type
while keeping the warp yarn constant as virgin polyester.

All fabrics were produced under identical weaving and finishing conditions to ensure comparability. The
abrasion performance of the fabrics was evaluated using Martindale and Velcro abrasion test methods

2.1 Materials and Preparation Techniques

Fabric prauction was carried out using a conventional weaving process. Three different fabric samples
were produced in order to evaluate the effect of yarn type on abrasion performance. In all fabric
constructions, virgin polyester yarn was used in the warp directihile the weft yarns were vadlie

The yarn compositions of the fabrics are given in Table 1.

Table 1.Yarn Composition

Warp Weft
Sample 1 Virgin PES Virgin PES
Sample 2 Virgin PES High Tenacity Flat PES
Sample 3 Virgin PES High TenacityAir-Textured PES

16€&



INTERANATIONAL

International Textile & Fashion Congress

filnnovate , I ntegrate, I nspire: The Future of ITFC

28-29 April 2026, Istanbul, Turkey

NOIHSVS ¥ FWLXRL

CONOGRESS

The high tenacity polyester flat yarn used in the study was an untextured filament yarn with a yarn count
of 300 denier/96 filaments and a twist level of 350 turns/m. Both the virgin polyester yarn and the high
tenacitypolyester aitextured yarn (ATY) were textured filament yarns with a yarn count of 300 denier/96
filaments.

After weaving, all fabrics were subjected to identical finishing processes. The fabrics were washed in open
width form at 90 °C to ensure cleanl#seand dimensional stability. Following the washing process, flame
lamination was applied by bonding the fabric surface with polyurethane foam and backing fabric. This
lamination process was carried out to simulate the actual automotive seat fabricgestanckiendise
conditions.

All fabric samples were produced using a 2/2 twill weave structure, which is widely preferred in automotive
seat fabrics due to its balanced mechanical performance, durability, and abrasion reSiseanezving
process wasarried out on aijet weaving machines under the same production paraméteeswarp

density was kept constant at 32 ends/cm for all samples, while the weft density was set to 30 picks/cm.
These parameters were selected to ensure structural consistenizy raflect typical automotive fabric
constructions.

The fabric weights were also measured to ensure comparability between the samples. The areal densities
of the fabrics were determined as 282 g/m2 for the 100% virgin polyester fabric, 259 g/mz2fédribe
containing high tenacity flat yarn in the weft, and 257 g/m2 for the fabric containing high tenacity air
textured yarn in the weft.

All production and finishing steps were completed under controlled conditions to ensure consistency
between the samgs prior to testing.

2.2 Characterization of Materials
2.2.1. Martindale Abrasion Test Method

Martindale abrasion tests are conducted in accordance with automotive standards under controlled
laboratory conditions. Prior to testing, all specimens are dondi at a temperature of 23 + 2 °C and a
relative humidity of 50 + 5% for at least 24 hours.

From each fabric sample, circular specimens with a diameter of 38 + 1 mm are prepared. The specimens
are cut at least 50 mm away from the fabric edges to avgel effiects. If required, a polyurethane foam
backing with a thickness of approximately 3 mm is applied to the backside of the specimens.

The test is performed using a Martindale abrasion tester. Standard wool felt is placed on the lower platform,
and a stadard abrasive fabric is mounted on top of the felt. The specimens are fixed in the upper holders
and brought into contact with the abrasive surface under a pressure of 12 kPa.

The abrasion process is carried out in cyclic motions, and the specimenalaateelvat defined intervals.
During the test, the abrasive fabric is replaced periodically to ensure consistent test conditions. At the end
of the test, the samples are visually assessed for surface degradation, including yarn Isedkage,
appearancdegradationpattern loss, and hole formation.

2.2.2. Velcro Abrasion Test Method
Velcro abrasion tests are conducted according to automotive test procedures under controlled

environmental conditions. Prior to testing, the samples@mditioned at 20 + 2 °C and 65 + 5% relative
humidity for 24 hours.
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Fabric specimens with dimensions of 70 x 300 mm are prepared in the required directions. Each specimen
is mounted onto the cylinders of the abrasion device with the face side exposdglrathane foam layer
is placed beneath the fabric to simulate-aad conditions.

The abrasive element used in the test is the hook (hard) side of a Velcro strip, cut into standard dimensions
and mounted onto the abrasion head. The abrasion heaglisd to the fabric surface under a load of
approximately 9.8 N.

The test is conducted at a speed of 60 = 10 cycles per minute, and the abrasion is applied to the central
region of the specimen. After completion of the test cycles, the samples ardyvesadliated under
standardized lighting conditions. The assessment focuses on surface damage such asdilieyarl
breakage, fuzzing, and structural deformation.

The results are graded according to a standard evaluation scale, ranging fromlehdsige to severe
surface damage.

3. RESULTS

The abrasion performance of the produced woven fabrics was evaluated using Martindale and Velcro
abrasion test methods. The results clearly demonstrate the influence of yarn type and structure on fabric
durablity.

Table 2. Martindale Test Results

Warp Weft Results
Sample 1 Virgin PES Virgin PES (After (53(;61(;10604cycles)
Sample 2 Virgin PES High Tenacity Flat PES (After SGOE)ag(?OAfcycles)
Grade 4
Sample 3 Virgin PES High TenacityAir-Textured PES (After 500,000 cycles)

According to the Martindale abrasion test results, the fabric produced entirely with virgin polyester yarns
achieved grade 4 according to the gray scale evaluation after 50,000 cycles. Beytmelthgirface
degradation such as yarn breakage and loss of surface appearance due to fiber protrusion became more
evident. In contrast, fabrics incorporating high tenacity polyester yarns in the weft direction demonstrated
significantly improved abrasioresistance, maintaining grade 4 gray scale performance up to 500,000
cycles. This indicates that the use of high tenacity yarns leads to a substantial increase in durability under
cyclic abrasion conditions.

Table 3. Velcro Test Results

Warp Weft Resuls
Sample 1 | Virgin PES Virgin PES 3
Sample 2 Virgin PES High Tenacity Flat PES 5
Sample 3 Virgin PES High Tenacity AirTextured PES S)

The Velcro abrasion test results further highlight the effect of yarn type on surface performance. The
minimum acceptable grade for automotive applications is defined as 3. The fabric producé®@ih
virgin polyester yarn achieved a grade of 3, which represents the threshold value. On the othetthand,
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hybrid fabric structures containing high tenacity polgestrns, namely flat and &iextured, achieved a
grade of Swhich is the maximum possible rating in the evaluation scale.

These results indicate that the use of high tenacity polyester yarns improves the resistance of fabrics to
severe abrasion conditis, particularly against surface damage and fiber-quillcaused by Velcro
abrasion.

Overall, both Martindale and Velcro test results consistently demonstrate that replacing conventional
polyester yarns with high tenacity polyester yarns in the wefttireteads to a remarkable improvement

in abrasion resistance and surface durability. This improvement is particularly significant for automotive
seat fabrics exposed to intensive and l@1gn usage conditions.

4. CONCLUSION

The objective of this study wao investigate the effect of high tenacity polyester yarns on the abrasion
performance of automotive seat fabrics. For this purpose, three different woven fabric structures were
produced by varying the weft yarn type while keeping the warp yarn coastamgin polyester.

The findings of the study clearly indicate that the use of high tenacity polyester yarns leads to a significant
improvement in abrasion performance. Fabrics containing high tenacity yarns in the weft direction
exhibited substantiallyigher resistance under both Martindale and Velcro abrasion tests compared to the
fabric produced entirely from virgin polyester. In particular, the increase from 50,000 to 500,000 Martindale
cycles and the improvement from grade 3 to grade 5 in Velcingat#monstrate the effectiveness of high
tenacity yarns under both standard and severe abrasion conditions.

The originality of this study lies in the direct comparison of high tenacity flat artéxired polyester
yarns within automotive seat fabricr@iructions under identical conditions. The results contribute to the
existing literature by providing practical insight into how yarn type and structure influence abrasion
resistance in woven automotive textiles.

Based on the findings, it is recommendeat high tenacity polyester yarns be preferred in the weft direction
for automotive seat fabrics, particularly in applications requiring high durability and extended service life.
Future studies may focus on optimizing fabric constructions and evaluatifiioaal performance
properties such as comfort and cost efficiency in order to achieve a balanced material design.
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ABSTRACT

In recent years, the textile industry hiasreasingly focused on the development of sustainable and
environmentally friendly finishing processes. Agricultural wastes represent a promising source of natural
functional materials that can be utilised in textile applications. Among these wastegrqusie peel has
attracted particular attention due to its high content of polyphenolic compounds and its reported antioxidant,
antibacterial and UV protective properties. In this study, pomegranate peel powdatilisad as a
biobased functional matefigo enhance the UV protection properties of woven fabrics. The investigation
focused on fabrics with various substrate chemistries, including 100% cotton (cellulosic), 100% polyamide,
and 100% polyester (synthetic). By incorporating these diverse texthces, the research identifies how

the chemical affinity of pomegranate peel polyphenols varies across different fiber surfaces, ultimately
influencing the durability and effectiveness of the functional finish. Initially, the pigtection
performance fithe untreatediabrics was evaluated. Subsequently, a coating paste containing pomegranate
peel powder was prepared and applied to the fabrics using a knife coating technique. After the coating
process, the UV protection performance of the treated falwréss evaluated and compared with the
untreated fabrics using Ultraviolet Protection Factor (UPF) measurements. The results indicated that the
application of pomegranate pdwsed coatingmarkedlyimproved the UV protection properties of the
fabrics. Thdindings demonstrate that pomegranate peel powder can be effectively utilised as a sustainable
and natural alternative for improving UV protective properties of textile fabrics. Furthermore, the
antioxidant and antibacterial properties of pomegranatespgglest its potential as a based material for
multifunctional textile finishing applications. The study highlights the potential of agricultural waste
valorisation as a sustainable strategy for developingreamdly functional textile finishes.

Keywords: Pomegranate pegUV protection biobased coatingsustainable finishing, agricultural waste

1. INTRODUCTION

The development of sustainable and environmentally friendly finishing processes has become a significant
area of research in thextile industry. Conventional textile finishing treatments frequently utilise synthetic
chemicals, which have the potential to contribute to environmental pollution and pose health risks.
Consequently, there has been an increased focus on the utilifatimewable and biobased resources as
alternative functional materials for textile applications. In this context, agricultural waste materials have
emerged as promising candidates due to their abundance, low cost, and rich content of bioactive
compounds.The valorisation of agricultural bgroducts in the context of textile processing offers a
sustainable approach that contributes to the reduction of waste, as well as to the development of value
added functional textile materigldussain et al 2024)

Agricultural residues generated during food processing frequently contain significant amounts of natural
compounds such as polyphenols, flavonoids, and tannins. These compounds are known for their
antioxidant, antimicrobial, and ultraviolet (UV) absorbimggerties. Consequently, plaodsed extracts
derived from agricultural wastes have increasingly been investigated as natural alternatives to synthetic
chemicals in textile finishing procesqgtussain et al 2024)
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Ultraviolet radiation is one of the miognportant environmental factors affecting both human health and

textile materials. Solar ultraviolet radiation mainly consists of three regions: UVA 4805 m), UVB

(2801 315 nm), and UVC (1a@80 nm). While most UVC radiation is absorbed by the ozayer] UVA

and UVB radiation reach the Earthoés surface and
sunburn, and an increased risk of skin cancer. Consequently, the development of textiles capable of
protecting the human body against UV iedihn has gained increasing importance, particularly for
protective clothing and outdoor textile applications. Textile materials can reduce UV exposure by
absorbing, reflecting, or scattering ultraviolet radiation. The UV protective performance ofrteattigals

is commonly evaluated using the Ultraviolet Protection Factor (UPF), which represents the ability of a
fabric to prevent the transmission of UV radiation through the mafteriadt al., 2022 AATCC 2023.

The UV protection behaviour of textiledepends on several parameters, including fiber type, fabric
constructionfabric density, thickness, caland finishing treatments applied to the fabric surface. In many
cases, conventional textile fabrics do not provide sufficient protection againstdiifion. Therefore, the
development of effective and environmentally friendly finishing treatments to enhance the UV protection
properties of textile materials has become an important research topic. Among these approaches, coating
techniques offer anfiective method for incorporating functional materials onto textile surfg@astiago

et al, 2025 Pachiyappan et al2025.

Natural plartbased compounds have attracted increasing interest as functional materials for textile
finishing due to their ality to enhance UV protection while providing additional properties such as
antioxidant and antimicrobial activity. Among various pldetived materials, pomegranate peel (Punica
granatum) has received considerable attention because of its high coptagpbé&nolic compounds such

as tannins, flavonoids, and ellagic acid. These compounds exhibit strong antioxidant properties and
contribute to improved UV protection performance, making pomegranate peemhisipgp bidased
material for functional textilemplications(Pachiyappan et al2025)

Previous studies have demonstrated that pomegranate peel extracts can significantly improve the functional
properties of textile materials. For example, cotton fabrics treated with pomegranate peel extract have
shownenhanced antibacterial activity and improved UV protection performance compared with untreated
fabrics (Pachiyappan et al., 202&) another study, pomegranate peel was successfully utilised as a natural
bio-mordant in combination with plafiiased dyesmproving dye fixation and cotdastness properties on

silk and cdton fabrics Hussain et al 2029. Furthermore, the incorporation of pomegranate peel extract
together with zinc oxide nanoparticles has been reported to enhance the photoprotectivapesfof

textile materials through the combined ¥sorbing effect of polyphenolic compounds and the UV
reflecting properties of inorganic particl@taviano et aj 2023).

Similarly, Rahman, Koh, and Hong (2024) investigated the sustainabige-bah dyeing and
functionaliation process of cotton fabrics using pomegranate peel and onion peel extracts with chitosan
biomordant; they reported that the application had positive effects on color intensity, wash fastness, UV
protection, and antimicrobial dermance.

Previous studies have investigated the use of pomegranate peel in textile applications, particularly in dyeing
processes applied to cotton fabrics. In the present study, pomegranate peel powder was applad to
fabrics using a coating teclopie. In addition, fabrics composed of different fiber types were investigated

to evaluate the influence of fiber chemistry on the performance of the pomegrandiagaektoating.

Therefore, the aim of this study is to investigate the potential ussreigranate peel powder as alidsed
functional material for enhancing the UV protection properties of textile fabrics. In this study, woven fabrics
composed of different fiber types, nhamely cotton, polyamide, and polyester, were treated with a coating
formulation containing pomegranate peel powder using a knife coating technique. The UV protection
performance of treated and untreated fabrics was evaluated by measuring the Ultraviolet Protection Factor
(UPF) in order to assess the effectiveness of pomegrna@elieased coatings as sustainable phdtective

textile finishes.
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2. EXPERIMENTAL STUDY

2.1 Materials

In this study, three different woven fabriegere used with 100% cotton, 100% polyamide and 100%
polyester fabrics. Cotton fabric had a Panama (2/2) woven structure, while the polyamide and polyester
fabrics had plain woven structures.

100% polyamide fabric is a plain weave fabric with a weight of agmately 200 g/m Fabric thickness

is 0,56 mm and it is produced from 600 denier multifilament yarns. 100% polyester fabric is a plain weave
fabric with a weight of approximately 305 gZnfrabric thickness 0,50mm and it is produced from 900
denier muiifilament yarns.100% cotton fabric is a 2x2apamaweave fabric with a weight of
approximately 285 g/fn Fabric thickness is 0,77 mm and it is produced from Ne 16/1 and Ne 8/1 staple
cotton yarnsTable 2 shows the technical details regarding the fabrics used in the study.

These materials are widely used in applications including workwear, outdoor equipment, tents and awnings
due to their high mechanical strength, durability, and resistance tooeméntal conditions. Woven
constructions were preferred because they provide dimensional stability and a uniform surface structure,
which facilitates controlled application of coatings and impregnation treatments while also representing
typical substratessed in industrial finishing processes and end products.

These fabrics were selected in order to investigate the effect of fiber chemistry on the performance of the
pomegranate pedlased coating.

Pomegranate peel powder (punica granatum) was used asiral rfunctional material in the coating
formulation.The powder wasbtained from Oxypome brand products in dried and ground form.

After the coating procesthe fabrics were dried and @drunder defined condition® remove moisture
and to stabilize t coating layer.

Pomegranate peel powder samplih three different encapsulation agent contents were used in this study
Table 1 shows the encapsulation agent contents of the pomegranate peel powder samples.

Table 1.Pomegranate peel powder samples

Sample Code E”Cé‘;snl:gﬁito(g/o/;gem
2405 5
2410 10
2415 15

2.2 Methods

Knife coating is a widely used application and finishing method in the textile industry for applying large
guantities of polymer based coatings onto fabric surfaces to get functional properties such as water
repellency, barrier performance, durability, apobtective performances. In this process, a coating
formulation is spread ontihetextile substrate (fabric) and evenly distributed using a knife (doctor blade)
positioned at a controlled distance from the fabric surface. The gap between the knife smiosthate
determines the thicknessthie applied coating layer, allowing precise control over the coating weight and
uniformity. The coated fabric is then subjected to drying and heat curing processes to remove the water
present in the formulation and &nsure that the coating forms a homagess film suitable for the textile
structure that bonds to the fabric. Knife coating is particularly suitable for technical textiles used in
applications such as protective clothing, outdoor equipment, tents, duxdrial fabrics, where enhanced
surface protection and barrier properties are requiéthin the work, knife coating was used as an
application methotb evaluate the performance and surface coverage of the developed formulations and to
investigate theisuitability for continuous industrial coating procesdds coated fabrics were subjected

to a drying process at 140°C for a duration of two minutes, followed by a heat curing step at 160°C for
three minutes. This procedure was implemented to ensueff¢laive adhesion of the coating to the textile
substrateThe pomegranate pelased formulations consisted of a PU coating base and pomegranate peel
powder. In addition, an acrylisased coating was evaluated as a reference formulation

174



INTERANATIONAL

International Textile & Fashion Congress

filnnovate , I ntegrate, I nspire: The Future of ITFC

CONGRESS

NOIHSVS ¥ FWLXRL

28-29 April 2026, Istanbul, Turkey

Table 2.Fabric details

Material / Fabric Denier Weight(g/nf) Fabric thickness Weft density Warp density
(mm) (ends/cm) (ends/cm)
POLYESTER 900 305 0,50 13 15
POLYAMIDE 600 200 0,56 13 12
COTTON Ne 16/1- 8/1 285 0,77 18 42

The UV protection performance of the fabric samples was determined based on the Ultraviolet Protection
Factor (UPF). UPF measurements were carried out in the wavelength rangé40@afh using a UV

Vis spectrophotometer, in accordance with the AS/NZS 43&%datd. During the measurements, the
spectral UV transmittance (%T) values of the fabrics were obtained, and UPF values were calculated
according to the standard method described in the literature.

3.RESULTS

The UV protection performance of tfebric samples was significantly influenced by both fiber type and
coating formulation. The untreated fabrics, which were used without any dyeing or finishing process,
exhibited very low UPF values, confirming that the inherent UV protection of the famg&msufficient.

The initial UPF values were measured as 0.84 for cotton, 1.47 for polyamide, and 2.22 for polyester fabrics.

Following the application of pomegranate pbated coatings, a substantial improvement in UV protection
performance was obsved across all fabric types particular, UPF values increased up to approximately
tenfold compared to the untreated fabrics, clearly demonstrating the effectiveness of the biobased coating
system

For cotton fabrics, the UPF value increased from 0.84ré¢ated) to a maximum of 10.47 with the
Oxypome2410 formulation. This indicates that a moderate encapsulation agent content provided the most
effective UV shielding performance. Lower (2405) and higher (2415) encapsulation levels resulted in
comparativef lower UPF values, suggesting the presence of an optimal formulation.

Polyamide fabrics exhibited a similar but slightly different trend. The highest UPF value (10.04) was
obtained withthe Oxypome2405 formulation.

In polyester fabrics, UPF values alincreased after coating, reaching a maximum of 8.32 with the
Oxypome2405 formulation. However, the overall UV protection performance remained lower compared
to cotton and polyamide.

The acrylicbased coating showed only limited improvement in WBlEes compared to the pomegranate
peetbased formulations.

Overall, as shown in Table the results demonstrate that pomegranatelgesd coatings can significantly
enhance the UV protection properties of textile fabrics, particularly in untreatedatslacking any prior
finishing. The performance strongly depends on fiber type, coating formulation, and application method.
The findings confirm the potential of agricultural waderived functional materials as sustainable and
effective alternative®r UV-protective textile finishing applications.

Table 3.Test results of fabrics

& Fabric Weight Thickness | Add-On

= [Type Sample Contents | Formulation (g/m?) mm (g/m?) UPF
& Woven |100% Cotton Untreated 281,9 0,71 X 0,84
@ | Woven |100% Cotton 2405 325,9 0,74 15,62 9,68
E Woven | 100% Cotton 2410 334,7 0,76 18,75 10,47
~ | Woven | 100% Cotton 2415 325,9 0,72 15,62 5,87
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Woven | 100% PA Untreated 202,6 0,56 X 1,47
Woven |100% PA 2405 264,3 0,62 30,43 10,04
Woven |100% PA 2410 264,3 0,64 30,43 9,79
Woven |100% PA 2415 264,3 0,64 30,43 9,58
Woven |100% PES Untreated 299,5 0,5 X 2,22
Woven |100% PES 2405 361,2 0,54 20,58 8,32
Woven |100% PES 2410 352,4 0,53 17,64 6,38
Woven |100% PES 2415 352,4 0,53 17,64 6,76
Acrylic-based

Woven | 100% Cotton coating 318 12,8 1,64
Acrylic-based

Woven | 100% PA coating 256 26,35 3,08
Acrylic-based

Woven | 100% PES coating 348 16,19 3,68

4. CONCLUSION

This study demonstrated the potential of pomegranate peel powder adhasdibfunctional coating
material for improving the UV protection performance of textile fabrics. apication of pomegranate
peetbased coatings significantly enhanced UPF values compared with untreated fabrics, with
improvements of up to approximately ten times depending on the fibre type and formulation. Compared
with the acrylicbased reference caag, the developed bibased formulations exhibited superior UV
protective performance, highlighting the potential of agricultural wadstired materials as sustainable
alternatives for textile finishing.

In addition, the inherent antioxidant and antilesiel potential of pomegranate peel further supports its
applicability as a multifunctional biobased finishing material. Overall, this study provides a novel and
sustainable approach for improving UV protection in textiles using agricultural waste. Fegaszch
should focus on color applications to also control the effect of color on UV protection, improve coating
durability, wash resistance and industrial applicability, and explore additional functional properties.
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ABSTRACT

The fashion industry occupies a sigfant position in the global economy; however, it is confronted with
serioussustainability challenges such as environmental pollution, resource depletion, and social inequality.

In this context, designers play a critical role in the realization of sustainability goals due to their capacity

to influence material selection, produgtiprocesses, and consumption patterhs.aim of this study is to
examine fashion design studentsbd attitudes t owa
economic dimensions in clothing and to analyze the relationship between these atiifitties awareness

of the rebound effect and design practice. It also evaluates the impact of participation in sustainability
focusededucation and activities on their awareness of rebound effect and design prabgcgtsidy was

conducted using a quatatiive research approach based on a survey design. The sample consisted of third

and fourthyear undergraduate students enrolled in a fashion design program. Data were collected through

a questionnaire structured on a fpeint Likert scale and comprigirfive dimensions, includingttitudes

of environmental, social, and economic sustainability, as well as awarettessaifound effe@nddesign

practice The collected data were analyzed using SPSS21le f i ndings indicate th
toward all three dimensions of sustainability are at a high level. However, it was determin#tk that
reflection of these attitudes in design practice is relatively limited, and awareness of the rebound effect
remains at a lower level compared to tiieer dimensions.

Keywords: Fashion Design, Sustainability, Design Practice, Rebound Effect Awareness

1. INTRODUCTION

Due to its structu@ shaped by mass production, globalized supply chains, and the dynamics of fast
fashior® the fashion industry rankemong the sectors with the highest environmental impacts and social

costs [1, 2]. Consequently, sustainable fashion is a complex field that extends beyond the utilization of eco
friendly materials. In this framework, design decisions must be integratectensiderations of product
longevity, frequency of use, reparability, and circular service modelg.[Beyond ecological attributes,

the field fundamentally encompasses social dimensions, including human rights, ethical production, and
responsible consnption [2, 5]. Therefore, design is not merely an aesthetic intervention that comes into

play at the final stage of sustainability; rather, it is a tool that shapes the impacts of a product throughout

its production, use, and circulation[3, 6]. This towhkes design education one of the key areas of the
sustainability transition. The literature on design education demonstrates that sustainability can only be
made sustainable through interdisciplinary, probkEased, and practieeriented approaches [7]tuslies

focused on fashion design education similarly emphasize that sustainability competence can be developed
not only through technical knowledge but also through an educational approach that integrates
craftsmanship, creative thinking, a systems petgsge@and an understanding of industry realitiésL[g.
Therefor e, the aim of design education i S-not m
friendlyo products, but al sterm dommsegeencesuof tieeir dediseby c an
understanding the prodiicisei system interaction. However, a significant conceptual challenge lies ahead
regarding sustainability and education: not every sustainafolitysed design intervention automatically
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produces the expected positive omes. At this point, the concept of the rebound effect plays a crucial
role in evaluating these contradictions and potential unintended consequences.

The rebound effect is defined as the partial or complete erosion of the expected environmental or social
benefits of an efficiency or sustainabilityiented improvement, due to behavioral, economic, or system

level reactions [1113]. While traditional apmaches primarily explain the rebound effect through
increased consumption driven by cost reductions, recent studies demonstrate that this phenomenon is also
shaped by behavioral and social practices [11, 12, 14]. From this perspective, the rebousdreffects

a reminder that sustainability must be addressed not merely by designing 'better products,' but through a
systemdevel logic that interrogates the overatipact. In the fashion sector, the rebound effect refers to

the partial offsetting of thexpected environmental gains when the environmental impact of a product or
production process is reduced per unit, but this improvement is counterbalanced by increased consumption,
more frequent replacement, or new market demaridl@]1In this respecthe issue is not only to reduce

the carbon, water, or waste footprint of a single garment, but also to question, at the system level, how many
new garments are produced, how many garments are actually displaced, and how much the use phase is
extended [3, 1A7]. The significance of the rebound effect for sustainability stems from its ability to
manifest in direct, indirect, and structural forms. A design intervention may encourage greater consumption
within the same usage context, trigger consumption inadigép contexts, or, over time, generate
unexpected demand patterns by altering user preferences, norms, and daily practices §LZ b &
behavioral standpoint, mechanisms such as cost perception, moral licensing, diffusion of responsibility,
convernence, and information asymmetry can exacerbate this proc8s49l Furthermore, research
indicating that enhanced knowledge can indirectly mitigate the rebound effect demonstrates that sustainable
consumption decisions are dictated not only by teclyicdd innovation but also by knowledge and
awareness [A]. This underscores that the rebound effect is an indispensable concept within sustainability
education. Sectespecific studies in fashion and textiles reveal that the rebound effect manifestsregteon

and diverse forms. Sustainability labels, particularly those emphasizing production and distribution
efficiency, may inadvertently encourage consumers to purchase more products, thereby offsetting
anticipated environmental gains [2]. Similarly, whidecondhand clothing consumption is regarded as a
hallmark of the circular economy, it can catalyze additional consumption through price effects and moral
licensing RO]. Innovative production models, such as digital textile microfactories, appear pr@misin
regarding localization, smalflatch production, and eshemand manufacturing; however, they carry the
inherent risk of increasing purchase frequency through personalization, speed, and ease of access [1]. These
examples highlight that solutions develojethe field of fashion design must be evaluated not merely for

their technical merits, but for their broader behavioral and systemic impathss point, the role of design
transcends the mere identification of problgemerating mechanisms; it entadsveloping proactive
strategies to prevent the rebound effect. The 'reboundless design' approach proposed in contemporary
literature argues that design must evolve beyond efficierajric solutions to generate interventions that
foster selsufficiency, systemic resilience, and resistance to deleterious behavioral outcdtheshis
perspective emphasizes that design decisions inherently possess the potential to steer user behavior and
normalize specific consumption patterS][ Consequently, cultivatg awareness of the rebound effect in
fashion design education necessitates that students interrogate not only material selection, waste mitigation,
or life-cycle assessment, but also variables such as accessibility, the impulse to purchase, usagg frequen
perceived product value, and the secidtural normalization of consumption. While existing research
indicates a growing sustainability awareness in fashion and design education, the vast majority of these
studies address sustainability attitudes,igtegpractice, and the rebound effect as disparate entities.
However, while a concurrent evaluation of these three dimensions is vital for grasping the genuine impact
of sustainability education, there is a limited number of research that holisticallynesaf@shion design
studentsdéd attitudes toward sustainability, their
and their awareness of the rebound effect. This gap is particularly pronounced in fashioa desigin
characterized bythe intensive production of symbolic value and the volatile dynamics of rapid
consumption. This is because students may adopt sustainable design intersemioas ecériendly

material selection, lifeycle thinking, and waste mitigatioret fail to peceive the indirect consequences

of these solutions on consumption volume, usage frequency, or market expansion with equivalent clarity.
Therefore, to rigorously assess the efficacy of sustainability education, it is imperative to consider not only
envirome nt al awareness but al so studentsé capacit:
understanding of systemic feedback effects.
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This study aims to investigate fashion design stu
social, and eonomic dimensions; to analyze the correlation between these atttheleawareness of the

rebound effectand design practice; and to evaluate whether these perspectives vary based on their
participationin sustainabilityfocusededucation andctivities. Within this scope, the following research
questions (RQs) are addressed:

RQ1l: Wh a't are the | evels of fashion design student
awareness of the rebound effect, and their current design practices?

RQ2:Are there significant relationships between f e
in clothing, their awareness of the rebound effect, and their design practices?

RQ3:Do studentsb6 awareness of t hgepracteddiffarsignifiardtly e ct ¢
based on their participation in sustainabifitigused education arattivities?

2. METHOD

This research adopts a quantitative approach based on a survey methodology. The study sample consists of
218 third andfourth-year undergraduate students enrolled in Fashion Design and Fashion and Textile
Design programs across fourteen different universities, all of whom were actively engaged in design studio
courses at the time of the study. Institutional ethical appreasa granted by the Scientific Ethics Review

Board of the Faculty of Architecture and Design at Sel¢uk University (Decision No: 11/04, dated December
31, 2025). Detailed demographic and academic profiles of the participating students are presented in Tabl

1 below.

Table 1.Characteristics of the students participating in the study

Variable Category Frequency (n) | Percentage (%)
Gender Female 202 92.7
Male 16 7.3
Age 18-20 years 24 11.0
21-23 years 130 59.6
24-26 years 64 294
Theuniversity attended | Ege University 48 22.02
Sekuk University 45 20.64
Cukurova University 24 11.01
Kahramanmars Sutcu Imam | 24 11.01
University
Nigde Omer Halis Demir| 13 5.96
University
Gaziantep University 12 5.50
CanakkaleUniversity 11 5.05
At él ém Univer|9 4.13
Others 32 14.68
Participation in| Yes 152 69.7
Sustainability No 66 30.3
Education/Activities

The survey form employed in this study was not directly adapted from a preexisting scale; instead, it was
constructed by the researchers based on the theoretical frameworks identified in the relevant literature and
previous studies. The instrument was specifically tailored to align with the unique objectives and scope of
this research, ensuring that all iteaccurately reflected the conceptual dimensions of sustainaduility

the rebound effeaithin the context of fashion desigData for this study were collected via a structured
survey instrument consisting of four distinct sections: general informattdogas toward environmental,

social, and economic sustainabilj82, 23]; awareness of the rebound effg24-29]; anddesign practice

[3, 9, 30-35]. The general information section sought data on age, gender, institutional affiliation, and
participation in sustainabilitffocusededucation or activities. The sustainability attitude section comprised

15 items: environmental (6 items), social (4 items), and economic (5 items), evaluateghoimtalkert

scale (1 Strongly Disagree to-5trongly Agree)To ascertain the construct validity, an Exploratory Factor
Analysis (EFA) was performed. The KaiddeyerOlkin (KMO) measure of sampling adequacy was

18C



INTERANATIONAL

International Textile & Fashion Congress

i
filnnovate , I ntegrate, I nspire: The Future of ITFc’

28-29 April 2026, Istanbul, Turkey 26 ||

CONGRESS

v ¥ W

0.901, and Bartlettos Test ®&F 2156385 p < oDt Thetoyai e | d e d
variance explained by the factor structure was 68.601%. Internal consistency was confirmed with
Cronbachés alpha coefficients of 0.883 for the e
0.872 for the environmental dimension. The desigrapc t i ce section included 6
capacity to integrate sustainability into their creative process, utilizingp@nb Likert scale with a
Cronbachoés al phhe relvoand affect awaren@ss $&&idn.comprises five itemsiagsess
studentsd cognizance of pbistphéekeménsoal measthe
0.861. Descriptive statistics, specifically mean and standard deviation, were calculated for all dimensions.
Data analysis was conducted using SP$Sdttware. Exploratory Factor Analysis (EFA) was utilized to
delineate the factor structure of sustainability
to verify internal reliability. To examine the interrelationships between susthtiyabititudes
(environmental, social, and economic), design practice, and awareness of the rebound effect, a correlation
analysis was performed using the Pearson correlation coefficient. Additionally, an Indejftmuetds T

Test was executed to determin wh et her students6 awareness of the
differed significantly based on their participation in sustainakiitgnted activities or training. p-value

of < 0.05was established as the threshold for statistical fiignice.

3. RESULTS and DISCUSSION
Within the scope of the study, fashion design st
social sustainability in clothing, their awareness of the rebound effect, and their design practices were
evaluated. e relationships between sustainability attitudes (environmental, social, and economic),
awareness of the rebound effect, and design practice were statistically analyzed. Additionally, the study
assessed whether participation in sustainaHititpised actiities and educational programs resulted in
significant differences in environmental, economic, and social sustainability attitudes, awareness of the
rebound effect, and design practices.
Figurel.Fashi on design students6é attitudes toward s
awareness of the rebound effect (mean score and standard deviation)
5
4,5
4
3,5
3
2,5
2
15
1

=
; L .

Environmental Social Economic  Design Practice Rebound Effect
Sustainability Sustainability  Sustainability

s Mean SD

The mean values regarding fashion desingetonamicudent
sustainability in clothing are presented in Figure 1. Upon examining the mean values, it is observed that
students generally demonstrate a high level of agreement with statements regarding the environmental,
social, and economic dimensions ob&inability. The highest average score was obtained in the social
sustainability dimensiorM= 4.29). This dimension is followed by economic sustainability @.26) and
environmental sustainability M= 4. 22) . These findi ngadesitowdrd c at e
environmental, economic, and social sustainability are at a high level. The mean value for sustainable
design practices (M=4.04) is lower than that of sustainability attitudes. The rebound effect is defined as
systemic reactions to sustainatyiffocused interventions that partially or completely negate the expected
positive effects of thesmterventions [8]. The lowest mean score was observed in the rebound effect
awareness dimension (M= 3.59). This indicdked students possess a modetatkigh level of rebound
effect awareness. When the findings are eval uat e
toward the core dimensions of sustainability are strong, the translation of these attitudes into practice and
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their awarenesd the rebound effect are relatively more limited. Standard deviation values range from 0.62
to 0.82. The lowest standard deviation is for the environmental sustainability variable (0.62), while the
highest standard deviation is for the rebound effect biaig.82). The standard deviation values for the
other variables are similar and indicate a moderate level of dispersion.

Table 2 Correlations among sustainability attitudes, design practice, and awareness of the rebound effect
(Pearson correlation)

Environmental | Social Economic Design | Awareness of thg
Sustainability | Sustainability | Sustainability| Practice| Rebound Effect

Environmental | 1

Sustainability

Social .660** 1

Sustainability

Economic .580** .604** 1

Sustainability

DesignPractice | .647** ST71 491 1

Awareness of .266** .349** 222*%* 365%* | 1

the  Rebound

Effect

p<.01

The results of the correlation analysis conducted to examine the relationships between sustainability
attitudes, design practice, aadrareness of the rebound effect are presented in Table 2. The findings reveal
that environmental, social, and economic sustainability attitudes are positively and significantly correlated
with each other (r = .580660, p < .01). This indicates that théfelient dimensions of sustainability are
perceived by students as interrelated. When examining the relationships between sustainability attitudes
and design practice, it is observed that all dimensions of sustainalglityironmental (r = .647, p < .01),

social (r = .571, p < .01), and economic (r = .491, p <a0&3hibit positive and significant relationships

with design practice. This finding indicates that an increase in sustainability attitudes is associated with the
extent to which students incorporaigstainability into their design processes. When evaluated in terms of
awareness of the rebound effect, positive and significant but relatively weaker relationships were found
with environmental (r = .266, p < .01), social (r = .349, p < .01), and econfrs .222, p < .01)

sustainability attitudes. This suggests that, al
high, these attitudes are only weakly associated with awareness of more complex)esysitentcomes
such as the reboundfete c t . I ndeed, Adége¢zel et al . (2020) s

consumption, particularly when they emphasise production and distribution efficiency, which can lead to
rebound effects [2]. This result suggests that students' genetadegtiowards sustainability and their
understanding of the potential indirect consequences of sustainability interventions do not develop at the
same rate. Furthermore, a positive and meaningful relationship was observed between design practice and
awaremss of the rebound effect (r = .365, p <.01). This finding suggests that students who integrate
sustainability into their design processes may be more aware of the potential indirect effects of sustainability
interventions.

Table 3.The effect of particigtion in sustainabilitf ocused education/ activit
sustainability attitudes, rebound effect awareness, and design practices (Independent-$astiples t

Variable Participation in | Non-participants  in

Sustainability Sustainability

Education/Activities Education/ Activities

n:152 n:66

Mean SD Mean SD t df p
Economic 4.33 .63 4.12 .70 2217 | 216 .028
Sustainability
Social 4.37 .60 4.09 74 2.962 | 216 .003
Sustainability
Environmental 4.31 .60 4.02 .63 3.293 | 216 .001
Sustainability
Design Practice | 4.12 .69 3.87 .81 2.161 | 216 .022
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Awareness of the| 3.61 .84 3.54 .79 572 216 576
Rebound Effect

The differences in the design practice and rebound effect awareness scores of students who participated in
sustainabilityfocused education/activities were statistically analysestresults are presented in Table

3. The findings show that students wterticipated in sustainabilitfocused had higher social (M= 4.37),
economic (M= 4.33) and environmental (M= 4.31) sustainability attitudes than those who did not participate

in these educations/activities. These differences were found to be statisigaifiigant in all dimensions

(p<0.05). Similarly, it was found that students who participated in sustaindbdiinged activities
demonstrated higher levels of translation into design practice compared to those who did not (M= 4.12; M=
387),andthisd f f erence is statistically significant (pc<
study, which demonstrates a positive relationship between sustainability education factors and sustainable
consumption behaviors TR Furthermore, it is notedhat sustainabilitfocused pedagogical tools have a

positive impact on studentsd understanding of su
these practices and the industng][3Furthermore, it is emphasized that sustainabidaged teadhg
approaches in fashion and textile education play

knowledge and skills, and that such educational models are both feasible and efféttidevi@ver, no
statistically significant difference wésund between the two groups in terms of awareness of the rebound
effect (p > 0.05). This finding is consistent with a study that highlights the lack of sufficient attention to
behavioral dimensions in the literature on the rebound e#€ft [

4. CONCLUSION

This study aims to exami ne f engronmental, edaamicgand secialu d e n t
sustainability in clothing and to evaluate these attitudes in the context of their awareness of rebound effect
and design practice. The findinge di cat e t hat studentsd attitudes
sustainability are at a high level. However, it was determined that the reflection of these attitudes in design
practice is relatively limited, and awareness of the rebound effect remailusvatr devel compared to the

other dimensions. The results of the correlation analysis reveal that attitudes toward environmental, social,
and economic sustainability are positively and significantly correlated with design practice. This suggests
that stuénts with strong sustainability attitudes incorporate sustainability principles into their design
processes to a greater extent. In contrast, the relationship between sustainability attitudes and awareness of
the rebound effect appears to be weaker. Thilirfg suggests that general sustainability awareness does

not always develop in parallel with an understanding of the indirect and sy$¢slicoutcomes of
sustainabilityfocused interventions. Furthermore, it was determined that participation innabsgtgyj-
focused education and activities was associated
attitudes and levels of design practizé did not result in a significant difference in terms of awareness of

the rebound effect. This findg suggests that current approaches to sustainability education are effective in
devel opi ng st u-oeused tifking and apmidatiom dilis;l howewer, they may not provide
sufficient support for understanding more complex and indirect o@spsuch as the rebound effect.
Overall, the findings reveal a significant gap between sustainability awareness and understanding of the
rebound effect. This indicates the need fonae open and holistic approach to fashion design education,
incorporatng systems thinking, user behaviour and the indirect effects of sustainability interventions.
Future studies could focus on designing pedagogical models to develop students' ability to evaluate the
wide-scale effects of sustainable design decisions. Howéwe findings of this study are limited to the
studybdbs sample group; it is expected to serve as
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FAST FASHION AND MICROPLASTIC POLLUTION: THE HIDDEN
ENVIRONMENTAL COST
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ABSTRACT

The textileindustry faces a significant challenge to global sustainability due to the rise of the "fast fashion"
business model, which relies on highlume production and planned obsolescence. This study examines
the multifaceted environmental impact of fast fashfoousing on the historical transition from natural to
synthetic fibers and the resulting increase in microplastic pollution. Findings indicate that the industry
consumes approximately 93 billion cubic meters of water annually and is responsible fof dlafiab

carbon emissions. Central to this crisis is the dominance of synthetic fibers, particularly polyester, which
now accounts for 59% of global fiber production. The laundering of these synthetic textiles is estimated to
contribute between 16% and 358kthe primary microplastics in the world's oceans. Furthermore, this
paper critiques current industry sustainability efforts, such as the transition to recycled polyester (rPET).
Evidence suggests that rPET often functions as "downcycling" and maysecréerofiber shedding by

up to 55% compared to virgin polyester. The study concludes that current redtyadiag) strategies often
amount to "greenwashing" and argues that a radical shift away from the overprotastaohfast fashion

model is necessakyp mitigate global ecological degradation.

Keywords: Fast fashion, Microplastic pollution, Synthetic fibers, Recycled polyester, Sustainability

1. INTRODUCTION

While the textile industry is an indispensable part of modern life, it poses a significdienge to global
sustainability goals due to its environmental impact. To understand this impact, it is crucial first to define
the "fast fashion" business model that has dominated the industry since the early 2000s. Fast fashion is a
strategy that aim$ shorten the time cycle from design to consumption, allowing retailers to respond
rapidly to emerging fashion trends through higilume, lowcost manufacturing. This model relies on a
"planned obsolescence" approach, where garments are designedhirtheesl, both physically and
stylistically, thereby encouraging continuous purchasing [1].

The need for such rapid production and4oest output has fundamentally shifted the industry's reliance

on raw materials. Since natural fibers like cotton anslvware subject to seasonal and agricultural
constraints, the fagaishion sector has turned heavily to petrochenbeakd synthetic fibers, particularly
polyester. Petrochemichlsed synthetic fibers pose a major waste management problem because they do
not decompose in nature. Moreover, 30 percent of newly arrived clothes in stores are never sold [1, 2], 50
percent of those sold are discarded in some countries without being worn even once [3, 4], and, in general,
an outfit is worn only 7 times on avergde5]. Considering this situation, the size of the problem becomes
much more striking. But the problem doesn't end there, and all this change brings a hidden environmental
cost beyond visible waste: microplastic pollution. During production, repeatedeiang, and eventual
disposal, these synthetic garments release millions of microscopic plastic fibers, smaller than 5 mm, into
the environment. These microplastics have now permeated every layer of the ecosystem, creating a
persistent, invisible form gdollution that links textile consumption to global ecological degradation.
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This study aims to examine the multifaceted role of fast fashion in the environmental crisis, focusing
specifically on the relationship between the dominance of synthetic fibersiaraplastic emissions. In

the following sections, the historical development of consumer culture and the transition tofdehiast

model will be discussed. Subsequently, the environmental consequences of this model will be analyzed
through the lensf microplastic pollution and the limitations of current sustainability efforts, such as the
transition to recycled polyester (rPET). Finally, the necessity for a radical shift in production and
consumption paradigms will be evaluated in the conclusion.

2. THE HISTORICAL DEVELOPMENT OF CONSUMER CULTURE AND FAST FASHION

To understand the environmental impacts of fast fashion, it is necessary to examine the dynamics of
consumer culture that sustain this production model. Consumption is not merely the fotfiinesic

needs; rather, it is a set of socially and culturally constructed practices shaped by the economic and
ideological conditions of a given period-8.

In the contemporary world, consumption habits are largely influenced by globalization, wbare

practices are shaped by distant economic and political developments [9], and by capitalism as the dominant
global system. From the mith" century onward, the ethical legitimization of labor and capital
accumulation, combined with technological imations, significantly increased production capacities [10].
This process | ed to what has been described as th
classes to participate in consumer markets and gradually transforming consumptiorcéntoah life

philosophy [1114].

Industrial production, which escalated during the Industrial Revolution, reached the scale of mass
production in the 1930s, during the era of Fordism. The transition td-podism in the 1980s fragmented
production procgses across multiple geographies, enabling flexible production systems and access to low
cost labor. These changes reduced production costs while dramatically increasing product variety and
volume, making continuous and excessive consumption a struoteessity of the system [15, 16].

With the technological advancements of the 1990s, economic and political boundaries became increasingly
permeable, leading to what can be described as the global intensification of consumption practices [17]. As
a result,consumption ceased to function primarily as a means of satisfying needs and instead became an
end in itself [18].

This historical transformation paved the way for the emergence of the fast fashion business model in the
late 20" century [19]. Within this famework, garments have shifted from durable necessities to rapidly
consumed and frequently renewed soci al symbol s,
consumer society [14]. Fast fashion brands such as Zara, H&M, and Shein now replacadtagiéisonal
collections with up to 52 micreeasons per year, significantly shortening garment lifespans and
accelerating consumption cycles [20].

Consequently, consumers are encouraged to discard clothing long before it wears out, reinforcing a
throwawy culture. Research conducted in 2022 indicates that global clothing consumption increased by
60% compared to 2000, while 85% of purchased garments were discarded within a year [21]. These findings
clearly demonstrate how fast fashion intensifies overgopson and contributes to environmental
degradation by normalizing disposability.

3. ENVIRONMENTAL IMPACT OF FAST FASHION

Overproduction, driven by overconsumption, has environmental impacts both during the use phase and at
the end of a productoés |life cycle. These negati v,
by inadequate waste management practices. &$agt fashion business model is based on-highme

and rapid production cycles, the sector consumes vast amounts of water and energy, leading to
environmental problems such as severe water pollution and high carbon emissions [1]. The textile industry,
which constitutes a major component of fast fashion, is among the leading sectors in global water
consumption, using approximately 93 billion cubic meters of water annually [22]. This intensive water use
begins at the raw material stage, particularly ingtaduction of natural fibers such as cotton [23]. The
widespread use of pesticides, agricultural chemicals, and other harmful substances during cotton cultivation
causes substantial water and soil pollution, harming ecosystems. In addition, chemiciyesanded
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during textile processing, whether natural or synthetic fibers are involved, represent one of the most
significant sources of industrial water pollution. Research indicates that approximately 15% of chemicals
used in textile dyeing are dischargiicectly into waterways, where they can contain toxic substances such

as lead, arsenic, and mercury, posing serious threats to aquatic ecosystems [24]. High energy consumption
throughout the production process further increases carbon emissions. Atrthighe impact of synthetic

fibers, due to petrolewbased production mechanisms, begins at the raw material stage [25]. According to
the European Environment Agency, the fashion industry is responsible for approximately 10% of total
global carbon emisgis [26]. These emissions are not limited to textile production alone but continue to
rise during transportation, distribution, and product use stages.

Beyond the intensive use of water, energy, and chemicals, the fast fashion production cycle generates
arother major environmental burden: excessive textile waste and microplastic pollution. Global data show
that approximately 92 million tons of textile waste are produced each year, a figure projected to reach 148
million tons by 2030 [27]. Moreover, a largart of this comes from products made with petroldased
synthetic fibers, especially polyester, which exacerbates microplastic pollution. In many countries, a large
proportion of this waste is sent directly to landfills without being recycled. Dueetdigh cost and
complexity of textile recycling, most discarded garments end up in landfills, causingelomg
environmental damage [28]. The scale of this waste problem is so vast that discarded clothing has been
reported to be visible from space ands@me regions, accumulates along coastlines in the form of clothing
piles reaching heights of up to 30 meters-$29.

4. THE ROLE OF FAST FASHION IN MICROPLASTIC POLLUTION

Fast fashion products are generally of low quality due to-jgfed production process and lowcost

policies. As a result, these products not only generate large amounts ofstaeravaste but also release
significant amounts of microplastic fibers during use due to their poor quality [33]. Microplastics, defined

as synthetic particlesmaller than 5 mm, have now penetrated every layer of the ecosystem, from the
deepest parts of the oceans to the human placenta. It is estimated that between 16% and 35% of primary
microplastics in the oceans originate from the laundering of synthetiiesd84, 35].

Fast fashion is fundamentally based on low cost and an extremely short time frame from design to
consumer; in other words, speed. To meet these two factors, low cost and high speed, the vast majority of
products are low quality, and achiegithis speed has required greater reliance on synthetic fibers, which
can be produced continuously and cheaply in petrochemical plants, rather than cotton or wool, which are
subject to agricultural restrictions. According to a 2024 report by the ChaMyinkets Foundation
analyzing 50 companies (including Inditex, Mango, Nike, United Colors of Benetton, and Primark) with a
total value of 1 trillion dollars in the global fashion market, the fashion industry's reliance on synthetic
fibers, particularly polgster, is increasing [36]. As of 2024, global fiber production has reached 132 million
tons, with synthetic fibers accounting for 69% of total production. Among these, polyester alone constitutes
78% of synthetic fibers, corresponding to 59% of overalbaldiber production [37]. This increasing
dominance of synthetic materials exacerbates the environmental problems associated with fast fashion, as
synthetic textiles are a major source of microplastic pollution during their production, use, and disposal,
and the low quality of fagashion products further increases microfiber emissions.

5. DOWNCYCLING AND THE MYTH OF CIRCULARITY

The industry is increasingly seeking to expand the use of recycled fibers to address this problem and reduce
its environmental faiprint. At this point, synthetic fibers, especially polyester, which dominates the sector,
come to the forefront, and the use of rPET instead of virgin polyester is rapidly increasing. However, this
practice represents an example of "downcycling" rattaar ghgenuinely circular recycling process. Instead

of recycling its own waste in the form of discarded garments, the textile industry primarily relies on PET
bottles and similar packaging waste from other sectors [1, 28].
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According to sector data, 98% aaycled polyester is produced from plastic bottles rather than textile
waste [38]. Similarly, data from the Ellen MacArthur Foundation indicate that less than 1% of clothing is
recycled into new garments [5].

Furthermore, evidence suggesting thatbeof rPET increases the risk of microplastic pollution is steadily
growing. A study by ¥zkan and G¢ndoj du [ 39] d e
approximately 2.3 times more fibers compared to virgin PET fabrics. This is because thegeupckss

weakens polymer chains through repeated thermal and mechanical treatments, making fibers more brittle
and increasing microfiber shedding during laundering. Supporting these findings, a 2024 study reported
that rPET fabrics can release up to 55&@microfibers than virgin polyester [38]. These findings indicate

that t he -daldluesd riyHwsstsaoi nabil i tyo strategies fail
transform it into another environmental burden: microplastic pollution.

In conclusion, the recyclinhased solutions promoted by fast fashion brands under the banner of
Asustainabilityd can be interpreted as a form of
effectively obscure the structural root of the problemyeragluction. At this point, while working on what

can or should be done to prevent or at least mitigate the negative environmental impact caused by "fast
fashion,"™ it is crucial not to miss the waptot of
fix fast fashion is to end it.o

6. CONCLUSION

This study examined fast fashion through its historical development within consumer culture and assessed
its environmental impacts across production, use, andaglifg stages. The findings indicate that,its

current operational form, fast fashion generates both large volumes of textile waste and a continuous source
of microplastic pollution. Beyond the welbcumented accumulation of maecale waste, the widespread

use of synthetic fibers and the idpurnover of garments contribute to persistent microplastic emissions,
extending the environmental footprint of the fast fashion ecosystem beyond visible waste streams.

Taken together, the available evidence demonstrates the structural unsustairabitgduction model
characterized by high volumes, speed, and short product lifespans. Discussions on the future of textiles,
therefore, increasingly focus on the ecological debt created by a throwaway culture and on the limitations
of existing recyclingpractices, where less than 1% of clothing is recycled into new garments. Rather than
relying solely on downcyclirdpased solutions, ongoing debates emphasize the need to reconsider
production models, material choices, and technological approaches thatbstlpurrent impacts and

future environmental pressures in the fashion industry.
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ABSTRACT

The rapid advancement of Artificial Intelligence (Al), particulaBenerative Al, is significantly
transforming the fashion industry by reshaping design processes, production workflows, and consumer
engagement strategies. This study examines the integration of Al across the fashion ecosystem, covering
trend forecasting,abign ideation, pattern optimization, and virtual retail applications such as Virtual Try

On (VTO) technologies. Adopting a holistic framework, the paper maps Al integration acress pre
production, production, and pgstoduction stages, with an-depth bcus on generative design and VTO
systems as the most strategically impactful domains. To validate these theoretical frameworks, the study
presents an applied industmpiversity case study conducted in collaboration between Istanbul Technical
University (TU) Fashion Design students and the retmwear brand, using the Al platform Refabric.
Results demonstrate that generative Al tools can streamline the entire-tdesagmpaign workflow by
integrating concept development, flay generation, photoreatic model visualization, and animated
content production into a single cohesive process. The findings demonstrateabngn#dnted workflows
substantially reduce time, cost, and material resources compared to conventional methods, while also
offering meaingful sustainability benefits through the elimination of physical sampling and lodzssd
production. This study contributes to the emerging body of literature by bridging the gap between
theoretical Al capabilities and applied educational practositioning Alintegrated pedagogy as a
strategic response to the growing demand for digitally literate fashion professionals.

Keywords: Al in Fashion, Generative Design, Virtual Prototyping, Virtual -Og (VTO), Industry
University Collaboration

1. INTRODUCTION

Artificial intelligence (Al) research first marked the beginning of a new era in computer science inthe mid
20th century, notably with Alan Turing's work in the 1950s. The intersection of the fashion industry and
technology hasleveloped in parallel with industrial revolutions. With the Third Industrial Revolution (the
1960s and beyond), digital design and compatéed manufacturing systems, such as CAD/CAM, were
integrated into the sector. This integration replaced manuatgses with digital tools, as the introduction

of CNC technology enabled a 'direct link between the tHmewnsional (3D) CAD model and its
production’, thereby revolutionizing manufacturing systems through mass production and enhanced
flexibility [1].

The truly disruptive impact of Al on fashion began with the Fourth Industrial Revolution (Industry 4.0).
The integration of Big Data, machine learning, and 3D technologies has enableliidatadecision
making at central stages of the design process. emtgears, the rise of Generative Al systems, such as
GANs and Diffusion models, has paved the way for designers to createrbgjstic designs within
entirely digital ecosystems.

Despite these rapid technological advancements, significant gaps renta gurrent literature. Most
existing studies tend to focus in isolation on either the creative design phase or retail applications, rather
than examining Al integration holistically across the full production cycle [2]. Furthermore, while the
technicalcapabilities of generative Al have been extensively documented, the link between theoretical Al
frameworks and applied educational practice remains underexplored [3]. In particular, there is limited
empirical work investigating how these advanced Al t@agorm in realworld academic and industry
collaboration settings, where both human creativity and commercial viability must be balanced. To address
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these gaps, this paper sets out to map Al integration comprehensively acrosgtbdycgon, productio,

and posfproduction stages of the fashion ecosystem. Within this broader context, the study focuses in depth
on two highimpact areas: generative design and VirtualOry (VTO) technologies. Most importantly,

we aim to validate these theoretical franoehg through an applied industniversity case study
conducted in collaboration between Istanbul Technical University (ITU) students and the fashion brand
DeFacto. By doing so, this paper combines a comprehensive litebaisgd framework with a qualiiee,
practiceoriented case study. This dual approach bridges the gap between theoretical Al capabilities and
practical, educational applications, situating the empirical work firmly within contemporary academic
discourse.

2. CLASSIFICATION OF Al IN FASHION INDUSTRY

When the historical development and methodological transformation of Al technologies in the fashion
industry are examined through a holistic lens, it is evident that Al plays a strategic role in every phase of
the fashion production cycle. In demporary practice, the integration of Al within the fashion production
cycle is primarily structured into three main stages to optimize operational efficiency and predictive
accuracy: prgoroduction, production, and pegstoduction[4].

In the preproduction stage, Al automates market research and trend analysis through big data analytics,
allowing designers to develop dateven concepts. In the design and material selection processes,
generative models facilitate rapid prototyping, reduciaditional sample preparation phases, which could
take weeks, to durations measured in seconds within digital environments.

In the production phase, Al integration optimizes supply chains and manufacturing efficiency through
predictive maintenance algornitts that anticipate equipment failures. Additionally, computer vision
technologies within smart factories minimize defect margins by detecting textile and sewing flaws in real
time.

The postproduction stage is the phase where Al completes the cycle byzimgatonsumer behavior.

Sales forecasting and inventory management algorithms prevent overproduction by optimizing stock levels.
In marketing strategies, hyppersonalized campaigns andrO technologies enrich the customer
experience and reduce returnesa Aksupported route optimizations in distribution and logistics lower
operational costs, while continuous customer service provided via chatbots strengthens brand loyalty on a
digital plane.

While Al transforms all production stages, this study deditedy focuses on pxeroduction (design) and
postproduction (virtual retail), bypassing physical manufacturing. Advanced generative Al creates a direct
bridge between design and sales by generating trgpéstic digital prototypes, allowing brands tegent
unmade concepts to consumers and initiate physical production only after confirming market demand [2].
In this context, the prproduction and pogtroduction phases are thematically connected as two ends of
the same digital fashion pipeline, whid¢tetupcoming case study demonstrates in practice.

2.1 Pre-production focus: Design and Design Generation

The design stage in fashion represents a critical process where conceptual frameworks are transformed into
tangible product proposals. Today, with the inédign of generative Al models, the design process has
evolved from traditional formfinding methods into a hybrid creative model. This technological
transformation offers designers methodological advantages across a wide spectrum, from the ideation stage
to final visualization. Designers can create or enhance their work using various Al tools throtgh text
image and imag&-image methods, or by blending these approaches.

In textto-image generation, when there is no visual input abéggnning of the design process, generative

Al models serve as a virtual prototyping engine that rapidly visualizes initial design variations compatible
with the concept using texiased commands. At this point, obtaining qualified and applicable outpuns f

Al depends not only on the designerdés <creative
terminology such as silhouette, pattern techniques, fabric types, and detailing, because prompt engineering
becomes a technical skill at this stage.
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Figure 1.Refabric- Prompt to Design Todb].

The subsequent image-image method allows the designer to progress using existing moodboards,

sketches, or reference images. This method enables the effortless generation of new variations while
preserving the esthetic codes of an existing design. Furthermore, through models trained on a brand's
historical collection data, the unique design DNA of a brand or designer can be transferred to new products.

In design revision processes, specific modifications camdae to existing models without disrupting
overall integrity by using regional editing techniques. These digital interventions on specific components
such as collars, cuffs, pockets, or stitching details allow for updates in color, texture, and accessories
without the need to recreate the entire design. This application minimizes time costs in the iterative design
cycle and enhances operational efficiency.

Figure 2. Refabric- Prompt to Editing Toq|5].

During the visualization phase, Al functions asigitdl render engine that transforms 2D linear sketches
into photorealistic images. Thanks to structpreserving architectures like ControlNet, the forms and edge
lines of the designer's hand drawings remain fixed, while desired fabric textures amtdigittions are
applied to the model accuratgB]. This technology provides a powerful and rapid alternative to traditional
3D modeling processes by creating hfigtelity virtual prototypes in seconds without the need for complex
CAD data.

Figure 3. Refabric- Sketch to Design Tog¥b].

To contextualize these theoretical frameworks within the contemporary fashion industry, it is essential to
examine realorld applications of generative Al during the creative design phase. Currently, brands and
despners are increasingly utilizing machine learning models not merely as generic visualization tools, but
as customized extensions of their creative identities. By training Al systems specifically on their own
historical archives, previous collections, andgietary imagery, designers can generate novel concepts
that inherently preserve their unique brand DNA and aesthetic signgtlurése following industry case
studies illustrate how this practice of utilizing architv@ned Al is actively employed twnceptualize new
collections while maintaining human creative integrity and mitigating copyright concerns.
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Designer Norma Kamali has innovated her design process by collaborating with Al studio Maison Meta to
train a specialized model on her extensivehave, replacing traditional hand drawing with téesed
commands. Within this framework, Kamali operates as a curator who evaluates algorithmic outputs,
viewing Al-generated imperfections not as errors but as unique opportunities for aesthetic developmen

Figure4.Nor ma K a rgenkrated snodal$ and designs

For its Spring/Summer 2024 collection, fashion brand Collina Strada integrated generative Al into its design
process by training an algorithm on its archives to produce innovdiyéal concepts. These initial

algorithmic outputs were subsequently refined and adapted for physical production by the design team,
demonstrating a successful hybrid model that balances technological innovation with human craftsmanship.

Figure5.Sel ect ed Looks from Collina d&.radabs Spr
2.2 Postproduction focus: Gen Al Visualisation and VTO Systems

Virtual Try-On (VTO) systems have evolved from simple visual aids into highly sophisticated retail
standards. Recent market studies project the VTO segment to grow at a CAGR of over 36% from 2025 to
2033,driven by features that can reduce return rates for premium goods by up to 40% [9].

While the first retail implementations began in U.S. department stores during the early 2010s, these early
systems often required depth sensors (such as Kinect) or 3Dsbadgers to estimate human shape and
overlay 2D garment imagé¢$0]. In the realm of computer vision, early 2D attempts often treai&d as

a "picture analogy" problem; however, these models lacked photorealism and were often impractical for
standard rethbecause they required product images of both the target garment and the original garment
being worn13].

While the first retail implementations in the early 2010s relied on depth sensors and 3D body scanners,
VITON, introduced by Han et al. in 2018\aked a turning point by enabling realistic garment transfer
using only standard 2D RGB images, making VTO practical for standard retail integration for the first time
[10]. Building on this, CR/TON introduced geometric matching via THhtate Spline trarisrmations to
improve fit precision, while CVTON further enhanced realism through {padybased matching and
advanced generative algorithms [13].

The COVID19 pandemic significantly accelerated VTO adoption globally. ASOS utilized augmented
reality in 20 to create digital twins of real models, tripling its profits between 2020 and 2021 [15]. As of
February 2026, ASOS has advanced further with a hybrid shopping experience that integrates VITON
technology with a personalized interface where customergestgarments on their own photos or orn Al
generated avatars mirroring their physical proportions (See Figure 6).
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Figure 6. ASOS virtual tryon experienc@l6].

Advanced systems like GYTON and CVTON have enhanced virtual -vg (VTO) technology by
integrating Geometric Matchingodules, ThinPlate Spline transformations, and bequiyrtbased
matching to produce higlesolution, precise garment warps [13]. Commercial leaders such as Zara utilize
these innovations to offer retiine, smartphonéased VTO visualizations. Strategigal/TO integration

serves as a higleturn investment that can reduce return rates by up to 40% [9], while driving engagement
boosts exceeding 200% for brands like Tiffany & Co [9]. Technological efficiency has reached a critical
tipping point; currentlyinference times for 512x512 images are reduced to 1.5 seconds [13]. Furthermore,
current systems achieve 98% accuracy in body scanning, 95% in 3D avatar generation, and 90% realism in
fabric simulation [17], effectively narrowing the gap between physiwhitual fitting.

This technological accuracy directly addresses a significant industry challenge: sizing issues affect 85% of
consumers and generate immense financial burdens, with-retated losses projected to decrease by 40%
through Al adoption g]. Consequently, McKinsey projections indicate that 73% of fashion executives
prioritize Al investments. A key operational example is the McArthur Glen Group, which implemented a
hybrid phygital marketing model for its SS26 campaigns by placing real swibin highresolution, At
generated environments (See Figure 7). This approach optimizes logistics and aligns with environmental
sustainability by reducing physical sampling and location scouting costs by up to 50% [17], while
significantly lowering théndustry's carbon footprint [15].

Figure 7. McArthur Glen Aldriven photoshooting§S26 Campaigfi8].

Ultimately, these methods demonstrate that design can be structured as an optimizatrieedgteocess,
specifically within the timentensive deign generation and visualization phases. The following case study
tests these integration models within an applied educational framework to substantiate the sectoral potential
of Al.

3. CASE STUDY: Al AUGMENTED DESIGN WORKSHOP

This section outlines the methodology and execution of the joint case study between Istanbul Technical
University (ITU) Fashion Design students and the readyear retailer DeFacto, conducted within an
academicframework serves as a strategic example of universitystry collaboration, modeling the
opportunities provided by Adriven technologies in the design process, as well agdesiin visualization

and marketing stages.

Participants organized into fogroups of three, this case study aimed to evaluate the operational capacity
of generative Al within professional fashion design workflows. In the initial phase, participants received
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comprehensive training on the technical infrastructure and usage meippddlRefabric, a fashion
oriented Al platform. Following the registration and data entry processes, students gainednhands
experience by wutilizing the platformds tool s.

The practical stage commenced with the distribution of differentiated dbsifs to each participant

group. This procedure is exemplified through the thematic guidelines assigned to the third group.
Specifically, the brief for this group focused on the Men's Spring/Summer 2027 season, specific design
theme about baseball, encaasped datdriven trend forecasts, aesthetic parameters, reference brands, and
designated product categories, such as trucker hats. The established roadmap formed the conceptual
foundation for the technical prompts that participants input into the gemefdtmodel.

The workflow commenced with the selection of themes aligned with the provided briefs and the creation
of moodboards. Subsequently, participants defined a target audience persona and developed a
corresponding pen portrait board. Following tk&stion of color palettes and textile textures, the design
phase (pre production) was executed using the Refabric platform. Initialljaifladesign visuals (without

human figures) were generated through a combination of prompt engineering andnedessary, the
integration of reference images. Specific design modifications were performed using the platform's internal
editing tools. Representative visual outcomes generated by the students based on this brief are illustrated in

the figure 8 below.
-
\/

Figure8.Gr oup 36s fl at | ay design visual

YANKEE
TO YAKYU

Once the designs were finalized, they were digitally draped onto models described in accordance with the
pre-defined personas. To generate hyrmalistic campaign imagery, the previously designed flat visuals
were utilized as reference inputs; detailed descriptions of the model's physical attributes, background
environment, and lighting parameters were then applied. The methodology facilitated the generation of
photorealistic Al imagery, depicting digital modelsaring complex design iterations.

: ]
' ‘ L) Ll h s R

Figure 9.Gr oup 30s Photoshoot visual s.

These outputs were subsequently converted intestae®nd animated videos. The synthesized data was
compiled into a final presentation and delivered to brand representathesniire cycle, from initial
training to the final presentation, was completed in approximately five hours.

4. CONCLUSION

This study has demonstrated that Artificial Intelligence, particularly Generative Al, is no longer a peripheral
tool in fashion but adundational component reshaping the industry across its entire value chain, from pre
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production to posproduction visualization processes. Generative design and visualisation were designated
as the primary focal areas of this research, as they con#iituteost significant sectors of impact for Al
intervention within the industry.

The applied case study conducted in collaboration with Istanbul Technical University and DeFacto further
substantiates these theoretical claims in an academic setting. OdgatoZeur teams of three participants
each, the study followed a structured methodology consisting of an initial technical training session
followed by a dedicated production phase. During this period, 12 participants successfully designed 20
distinct looks across four concepts, utilizing Al models to executeldlatdesigns, photorealistic
campaigns, and video shoots before concluding with project presentations.

Without Al integration, the same workflow would have required substantially greater tiste,acd
material resources. While traditional design iteration requires weeks for physical sampling, casting, and
photography, this case study's fikeur completion time underscores the operational efficiency generative
Al enables. By bypassing conventabiiead times and material costs, the technology proves highly effective
for fastpaced academic and industry collaboratiohBe transition from physical to digital design
workflows significantly reduces the fashion industry's environmental footprintilmnating material

waste during prototyping and lowering travelated carbon emissions through virtual campaigns.
Consequently, Ahugmented workflows provide a scalable pathway toward leaner, more sustainable
production cycles.

The study is subject teeveral limitations that should be acknowledged. The case study involved a group
of twelve participants on a single platform, which restricts the generalizability of the findings. Furthermore,
the integration of generative Al raises critical ethical cameeegarding intellectual property ownership,
creative labor displacement, and algorithmic bias within VTO systems.

To address these limitations, future research should expand empirical investigations to larger, more diverse
groups across multiple platfosrand conduct longitudinal studies tracking the career trajectories of Al
literate graduates. Additionally, establishing standardized ethical frameworks specific to fashion education
remains a critical direction for both academia and industry. Ultimatgk/case study demonstrates that
Al-augmented workflows are commercially viable and academically valuable, establiskimggkated
curricula as a strategic necessity for training digitally literate fashion professionals.
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ABSTRACT

In this study, GO is synthesized via the modified Hummers method and subsequently applied to needle
punched polyester nonwoven fabrics udingdip-coating technique. The GEpatednonwoven fabric is

then subjected to a reduction process using aqueolwstdgmeel extracts under controlled temperature
conditions. The effectiveness of the reduction process is evaluated through comprehensive characterization
techniques, including scanning electron microscopy (SBM) FTIR spectroscopyAdditionally, the

eledrical surface resistivity and acoustic absorption properties of the resR@@jcoated nonwoven

fabrics are investigated. The results demonstrate that tomato peel extract can effectively reduce GO, leading
to improved electrical conductivity and enhashe®und absorption performance of the textile structure.

Keywords: Graphene oxide reductiorfomato peel extract, Waste manageme@alyester nonwoven
fabric, Sound absorption coefficient

1. INTRODUCTION

Graphene oxide (GO) is &wo-dimensional graphene derivative enriched with oxygemtaining
functional groups, such as epoxide, hydroxyl, and carboxyl groups, which enhance its hydrophilicity and
enable versatile chemical functionalizatiflh 2]. Owing to these characteristic§O can be easily
dispersed in water and is widely used in the fabrication of nanocomposites, polymer systems, high
performance microelectronic devices, energy storage materials, and biomedical applications. However, the
presence of oxygen functionalitiegysificantly reduces the electrical conductivity, thermechanical
stability, and carrier mobility of carbdmased material8]. Fruits and vegetables are most popular due to
their nutritional value worldwide and are rich sources of beneficial antiasidamnerals, vitamins, and

fiber. Many phenolic compounds have antioxidant propertiedri4jarticular, tomato fruit contains high

levels of vitamins C and E, minerals such as K, P, and Mg, caroténaidsly lycopené and phenolic
compounds including €ic acid, ferulic acid, kaempferol, and quercetin. Tomato processing byproducts,
such as seeds and peels, also retain considerable amounts of these bioactive compounds, along with fiber,
fatty acids, sitosterol, isorhamnetin, and myric¢fifv]. Recentstudies showed that tomato peel extract

can be utilized as a reducing and capping agent in the synthesis of silver nanoparticles [7], zinc oxide
nanoparticles [8], and tin oxide [9].

Noise pollution significantly affects human comfort, creating a growdegiand for soundproofing
materials effective over a wide frequency range. Nonwoven textile structures have emerged as promising
soundabsorbing materials due to their flexibility, strength, softness, low density, and high porosity. Their
acoustic performage is strongly influenced by structural parameters such as thickness and pore structure,
where increased thickness and porosity enhance energy dissipation and improve sound absorption.
Additionally, textilebased absorbers offer advantages such as lowgtiod cost, ease of processing, and
suitability for humarcontact applications, along with environmental resistance propeiridading
moisture, mold, temperature, and corrosion resistance. The performance of such materials is typically
evaluated using the sound absorption coefficient, defined as the ratio of absorbed to incident acoustic energy
[10-12]. Carbonbased materialare widely used as fillers in porous sotatisorbing systems due to their

20C


mailto:ndemirel@marmara.edu.tr

INTERANATIONAL

International Textile & Fashion Congress

filnnovate , I ntegrate, I nspire: The Future of ITFC

28-29 April 2026, Istanbul, Turkey

NOIHSVS ¥ FWLXRL

CONOGRESS

high specific surface area and excellent physical propdft#s In this context, GO stands out as a
promising candidate for the development of advanced acoustic materials dueique twedimensional
structure and tunable surface chemi§i#j.

In this study, tomato peel extract is utilized as anfdeadly reducing agent for graphene oxide applied

onto needlgounched nonwoven textile surfaces. Tomato peelapnabundantgroindustrial waste, are

rich in polyphenols, flavonoids, and antioxidants with strong reducing capability. The valorization of this
waste aligns with circular economy principles and supports sustainable material development. The
reduction efficiency ashstructural properties are evaluated using scanning electron microscopydS&EM)

FTIR spectroscopy. Furthermore, the electrical surface resistivity and sound absorption performance of the
resulting reduced graphene oxide (R&Dated nonwoven fabrics asgstematically investigated

2. EXPERIMENTAL STUDY
2.1 Materials

Graphite flakes were purchased from Sigfidrich. Hydrogen peroxide (¥D., 35%), sulfuric acid
(H2SQy, 95% 98%), phosphoric acid @®@Qy), potassium permanganate (KMnO4), boric acigB®k), and
hydrochloric acid (HCI, 37%) were purchased from Merck. All chemicals were of analytical reagent grade
and used without further purification. Distilled water was used throughout the experiments. Polyester
needlepunched nonwoven fabric with a mass per angta of 150 g/m? was kindly provided by Hassan
Textile, Turkiye.

2.2 Synthesis of Graphene Oxidand Preparation of Coating Dispersion

Graphene oxide was synthesized using the improved Hummers' method using flake graphite. Briefly,
360:40 mL of a mixture ofl.SOs and PO, was placed into a flask, to which 3g of graphite flakes were
added. The flask was gradually filled with 18g of KMin®ollowing the full dissolution of the KMnQ

the reaction was placed in an oil bath, heated to 50°C, and stirredifourk2 The reaction was then poured
onto 400 mL of ice after being cooled to room temperature. 6 mL of 3&bwhs added to terminate the
reaction. The suspension was purified using ethadgld@d 1 M HCI by centrifugation. After washing,

the centrifugtion process was maintained until a pH €5 was reached.he resulting sample was dried at
60°C to obtain solid GO nanoshget

For the dipcoating process, 2 g/L aqueous dispersion of GO was prepared using the bath sonication method
for 60 min at ambientonditions, followed by magnetic stirring for about 60 min to obtain a homogeneous
dispersion.

2.3 Ultrasonic Extraction of Tomato Peels

Tomato peels used in the study were obtained as household food waste. The peels were first washed with
distilled water andhen dried in an oven at 50 °C. The dried peels were ground using a grinder to prepare
them for extraction. Ultrasonic extraction was employed as the extraction method, and distilled water was
used as the extraction medium. A predetermined amount ofdjtommato peels wgdaced in a flask with

distilled water andransferredo an ultrasonic bath equipped with a reflux condenser at 50 °C for 1 hour.
Finally, the obtained liquid extract was filterdd.the study, two different concentrations were usedi®

reduction of graphene oxidmated nonwoven fabrics. Aqueous extracts of tomato peel prepared at 10%
and 20% (w/w) concentrations were stored in a refrigerator at 4 °C.

2.4 GO Coatings of Polyester Nonwoven Fabrieand Reduction with Tomato PeeExtract

The polyester needlepunched nonwoven fabric (NW) was coated with GO with a subsequent coating and
reduction process. The digwating process was first applied to the polyester nonwoven fabric at ambient
conditions for 10 min, and then the fabricsmdried in an oven at 70°C. The dipating process was
repeated five times to increase the coating amount. After theodijng process, the G&ated nonwoven

fabric wascoded as DGENW. The reduction of GO was performed waih aqueous extract of torogieel

as a reducing agent. The D&@@V sample vastreated with thel0 wt.% and 20 wt.%aqueousextract of

tomato peeht 95°C for24 hours Then, the reduced samples were rinsed with distilled water to remove the
remaining materials, followed by drying @°C in an oven for 90 min. After the reduction procéss,

sample werecoded as MORGO-NW and RORGO-NW for the samples reduced with 10% and 20% of
tomato peel extractespectively.
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2.5 Characterization

Scanning electron microscopy (SEHBMDX, JEOL JSM7100F) was employed to observe the morphology

of uncoated and coated samples. The surfaces of the samples were coated with Au/Pd beforédanalysis.
attenuated total reflection Fourier transform infrared spectrometer-(ATR, Perkin Elmer Spectrum

Two) wasused a650 - 4000 cmt. The surface and volume resistivity of the fabric samples were tested
based on the ASTM D25GF7 standard, using a setup consisting of a sourcemeter (Keithley 2450
Sourcemeter) and a resistivity test fixture (Keithley 8009). Eaclplsavas measured at least five times,

and the average value was calculated. Surface resistivity is measured by applying a voltage potential across
the surface of the specimen, whereas volume resistivity is measured by applying a voltage across the
sampleThe following equations were used to calculate the surface and volume resistivities of the samples:

" 8 ¢ m Eq. 1
&' & & mpA | Eq. 2

” 8

wh e rs&n ¢ arg the surface and volume resistivity of the specimen, respectively, V is the voltage, | is
the current, and t is the average thickness of the specimen in cm.

The sound absoripn coefficients of the samples were determined using the impedance tube method
(Briel&Kjeer). The tests were performed in accordance with the BS ISO 1D534ndard. In the
impedance tube technique with two fixed microphones, measurements are madaiigé¢hequired for

the large or small tube. Sound waves travel as plane waves, strike the sample, and reflect back. The sound
absorption coefficient (U) of the sample is dete
frequency with microphonehat are fixed and in two separate positiddsing the small tube (29 mm
diameter), measurements can be conducted in the frequency rangé40®®z. In contrast, the large
tube allows measurements betweei1BD0 Hz and requires a sample diameterGff dam. The sound
absorption coefficient ranges from 0 t¢15].

3. RESULTS
3.1 SEM Analysis

Figure 1 presents the surface morphology of polyester nonwoven fabric samples at 1000x magnification.
The pristine polyester fibers exhibit smoaihjform, and defeetree surfaces (Figure 1a). The dipating

process effectively enables the deposition of GO nanosheets onto the nonwoven fabric surface. The
characteristic wrinkled and wavy structure of GO nanosheets can be clearly observed betaeaumnand

the polyester fibers, forming a continuous coating layer (Figure Aft§r reduction with tomato peel
extract, the G&oated nonwoven fabric exhibits a more fragmented and discontinuous RGO nanosheet
structure (Figure 1c). This morphological charsyggests that the reduction process alters the structural
integrity of GO sheets, likely due to the removal of oxygentaining functional groups and partial
restacking or agglomeration.

3.2 FTIR Analysis

Figure 2 shows the FTIR spectra of nonwoven fabaim@es. The characteristabsorptionbands of
polyester nonwoven fabrppeart approximatelyd67, 1016, 108, 123, and 171Zm?, corresponitg

to C-O stretching of glycol, benzenejptane vibrations, ester C=0 stretching vibration, and the C=(pgrou
of aromatic ester, respectiveglio].

F

(@), D(l&lW(b), D20RGO-NW(C).

The peak®bservedat 1408, 1339, 72and 871 cnt are attributedo bending and wagging vibrational
modes of the ethylene glycol segmgtif], as well asC-H bendingvibrations associated with ttenzene

20z



INTERANATIONAL

International Textile & Fashion Congress

filnnovate , I ntegrate, I nspire: The Future of ITFc

28-29 April 2026, Istanbul, Turkey id

CONOGRE

NOIHSVS ¥ FWLXRL

ring [18]. Following GO dip-coaing, the FTIR spectrunshows slight changs, with the appearance of a

new peak at815 cm?, which is assignetb the stretching vibration of C=@fter reduction using tomato

peel agueous extract, the broad absorption band inthé3@@ 0 c¢cm T regi on di sappe:
of the characteristic peaks decreases. This indicaastimoval of oxygewontaining groups and confirms

the successful reduction of GO to RGO.
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Figure 2. FTIR spectraof NW, DGO-NW, D10RGONW, and D20REO-NW.
3.3 Electrical Resisivity

The electrical surface and volume resistivity values of polyestewoven fabric and coated samples are
presented in Table 2. As expected, pristine polyester nonwoven fabric exhibits insulating behavior, with a
very high surface resistivity o4.52 10° kW. Graphene oxide (GO) is also known to be electrically
insulatingdue to the presence of oxygeontaining functional groups disrupting the sp2 carbon network
[19]. Accordingly, the DGENW sample shows reduced but still relatively high resistivity vall€sy{10?

kW surface resistivity anfl.12 10° kWem volumeresistivity). A significant decrease in both surface and
volume resistivity is observed after the reduction process. The D1OR@@nd D20RGENW samples

exhibit dramatically improved electrical conductivity, with the lowest resistivity values obtained for
D20RGGNW (3.93 10°kW surface resistivity and 5.3Q0° kWem volume resistivity)This improvement

can be attributed to the restoration of the conjugated sp2 carbon network during the reduction of GO, which
enhances electron transport pathways within tagicg layer.

3.4 Sound Absorption Coefficient

Figure 3(a) shows the sound absorption coefficient (SAC) of the nhonwoven fabric samples, while Figure
3(b) presents their thickness values. Each measurement was conducted three times, and the average values
were sed for analysiswhen Figures3(a) and (b)are evaluated together, it is evident that the sound
absorption performance of polyester negul@ached nonwoven fabrics is strongly influenced by both
surface modification and sample thickness

Table 2.Electricalresistance of samples

Electrical surface Standard Electrical volume Standard

resistivity (kW) Deviation  resistivity (kWem) Deviation

NW 4 52E+09 1.96E+08 1.07E+09 1.27E+08
DGO-NW 1.09E+08 5.77E+07 8.12E+06 3.14E+05
D10RGO-NW 4.24E+03 2.86E+02 5.00E+02 2.78E+01
D20RGO-NW 3.39E+03 4.24E+02 5.10E+02 4.44E+01

Compared to the NWsample DGO-NW, D10RGONW, and D20RGGNW exhibit a noticeable
improvement in sound absorption coefficients, particularly inrttdle and high frequency regions
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( & 216800 Hz). This enhancement is attributed to increased surface roughness, the formation of
micro/mesoporous strugtes, and higher internal friction losses induced by the coating and reduction
processes. Although reduced graphene oxide (RGO) tends to form a more conductive and relatively
compact network, the heterogeneous nature of the bicbasssl reducing agent bato peel extract)

likely results in a nowuniform coating morphology. This structure enhanitesviscous dissipation of
incident sound wavesThe frequencydependent behavior shows that all samples have limited sound
absorption in the lovirequency regin (<1500 Hz), while the absorption coefficient gradually increases
with increasing frequency. This trend is typical for porous fibrous materials and is associated with increased
airflow resistance and enhanced frictional interactions between fibers at fighuenciesln terms of
thickness, the DGW sample exhibits the highest thickness (approximatel@ ), wrereasthe

reduced samples show a slight decrease in thickness. This reduction may be due to partial densification of
the fibrous structure gearrangement of the coating layer during the reduction process. Although increased
thickness is generally associated with improved sound absorption, particularly at low frequencies, the
present results clearly indicate that thickness alone is not #r@rieing factor. Despite having the highest
thickness, DGENW does not exhibit the best acoustic performance, wheré@R®ONW, with a
relatively lower thickness, achieves superior sound absorption.

a —NW  ——DGO-NW ——DIORGO-NW D20RGO-NW b
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Figure 3. Sound absorptionoefficient (a) and thlckness (b) of samples.

4. CONCLUSION

In this study, polyester needteinched nonwoven fabrics were successfully modified via graphene oxide
(GO) dip-coating followed by an eefriendly reduction using tomato peel extract. SEM BM¢tR analyses
confirmed the successful deposition of GO and its partial reduction to RGO, accompanied by noticeable
changes in surface morphology and chemical structure. Electrical measurements showed a significant
decrease in both surface and volume tiedtig after reduction, with the D20RGEW sample exhibiting

the highest conductivity due to the restoration of the sp? carbon ne#mlstic results revealed that all
modified samples exhibited improved sound absorption, particularly in the middieigindrequency

regions. Although DGENW had the highest thickness, it did not provide the best performance, indicating
that thickness alone is not the dominant factor. Instead, microstructural features such as surface roughness,
pore structure, and airflovesistivity play a more critical role.

Overall, tomato peel extract proved to be an effective and sustainable reducing agent, enhancing both the
electrical and acoustic performance of nonwoven fabrics, making them promising for multifunctional
technical éxtile applications.
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ABSTRACT

The integration of natural fibers into synthetic fiber composites has emerged as a promising strategy for
developing sustainable materials for the automotive sector. This study examines the effects of natural fiber
fabric placement in bidirectional glasbdr reinforced composites, with a focus on interior automotive
component applications. Using bidirectional (£45°) glass fibers and flax fabric, hybrid laminates were
fabricated by a bidased Polar Bear matrix and consolidated using a Meccatronica ystsa 0 ensure

constant processing standards. For this study, three different flax fabric arrangements were examined:
interleaving glass fiber layers, placing flax fabrics at the core of the laminate, and placing them at the outer
layers. Physical charamization tests were performed in addition to mechanical parameters, including
density, thickness swelling, void content, and moisture content. The test results revealed thaGlesElax

hybrid composite showed a tensile modulus of 13.467 GPa, a tsinsitgth of 171 MPa, and a strain at

break of 1.8%, with acradle-g at e car bon footprint of 3.70 kg CO
GPa of modulus). These tests showed that placing flax fabrics in the core increased the composite
st r uct ueaskedgh ahdemmpmoved its ability to absorb energy. In contrast, interleaved arrangements
performed well and maintained up toidd0 % of t he gl ass fiber composi
lowering their material density and environmental impact. @nother hand, the outéayer flax fabrics
arrangement increased eefficiency, it decreased surface durability and weight. Theseekiobased

hybrid composites have the potential to be practical materials feloadibearing and semitructural
applications where ecefficiency and performance must be taken into account together. In general, the
results show that strategic hybridization of natural fibers with synthetic fibers can optimize both mechanical
performance and sustainability in automotineeriors

Keywords. Ecoefficiency, Biebased resin, Layer positioning strategy, Mechanical performance,
Sustainable materials

1. INTRODUCTION

Natural fibers have recently supplanted synthetic fibers as reinforcements in polymer matrices due to their
superior energylissipating properties. Significant advancements in green technology have already been
made this century, particularly in materiatsence, where higherformance materials derived from natural
resources have advanced for a range of structural, manufacturing, biomedical, aerospace, and automotive
applications [1,2]. Researchers and manufacturers are becoming increasingly intereatadairfibers

because of their biodegradability and comparable mechanical qualities [3, 4]. The advantages of natural
fibers as reinforcement in composites include their high stiffness, affordability, low density, and ecological
responsiveness. Futurevaticements in composite materials are highly promising, especially natural fiber
reinforced composites [3,4]. Nowadays, glass fibers make up about 95% of atkfitferced polymer
composites, making them the most common type of polymer composite [Bgvdn a negative carbon
footprint has been caused by the high energy consumption of the production of glass and carbon fibers, as
shown by numerous studies [6]. It can solve the problems caused by plastic waste and work toward a more
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environmentally friedly future by refocusing attention on sustainable alternatives, such as hybrid
composites with natural fibers [@h a hybrid composite, multiple fibers are combined in a single matrix

to benefit from each fiber's unique properties. Because hybrid caegoan meet the needs of a variety

of industries, including aerospace, space, and biomedical applications, they have the potential to replace
traditional materials [5, 6]. Because of sustainable development and environmental concerns, the use of
natural fber is steadily increasing these days [7, 8]. Hybridization offers substantial improvement in the
properties of composites, which has attracted the attention of researchers for structural applications. In
general, a significant weight percentage of sgtithfibers such as glass, carbon, etc., are hybridized to
enhancehe inherent properties of natural fiber composites for the intended applications as shown in Table
1[9, 10].

Table 1. Mechanical Characteristics of the Hybrid Biocomposite made of RwlyReinforced with
Natural fibers [1113].

Type of Composites Elongation Tensile Flexural Reference
at Break (%) Strength (MPa) Strength (MPa)
Sisal/cotton/polyester 12.31 65+5 270+ 4 [11]
Jute/hemp/flax/epoxy 58+2.2 60+3 66 +£4 [12]
Palm/flax/thermoplasticstarch | 5.25 31 73.6 [13]
Flax/jute/polypropylene 290+£0.18 39.48+1.61 8.79+1.73 [14]
Hemp/sisal/epoxy 3261041 31.76+0.88 4447 +2 [15]

There has been extensive work done on the mechanical characterization of the current material, according
to the literature that is currently available on various aspects of developing glasspfikgrcomposite
materials. Nevertheless, there aren't matudies that examine flexural and tensile strength in epoxy
composites by adjusting the positions of flax and glass fiber fabrics. Effective integration depends on the
interaction between the various fiber types and the resin; successful hybridizatibs iresmproved
interlocking and overall mechanical performance. While placing natural fibers at the tensile side or away
from it can enhance flexural properties by influencing crack propagation, successful hybridization improves
the mechanical properties bidirectional glass fiber composites [26]. Fiber orientation, fiber to matrix

ratio, physical bond between fiber and matrix, and other factors can all impact the composites' strength.
According to Ellakwa et.al.,2001 studies, bidirectional reinfomm®mas opposed to unidirectional or
random Fiber orientations, typically results in higher tensile strength and resistance to impact, bending, and
cracking [1620]. Also, Bidirectional fibers are generally stronger than random or unidirectional fiber
reinforcement in every direction. It is also more resilient to impact loads, bending, and cracking. Combining
hemp and PALF cellulose fibres with epoxy greatly increased the mechanical properties such as tensile,
flexural, impact strength, and hardness. Beedildber hybridization improves the fiber's interlocking with

the matrix, it results in better mechanical qualities206

The objective of this research work is to replace petrochemical fabric reinforcing materials with natural
fiber fabrics and to obsee the effects of natural Fiber fabric positioning in bidirectional glass fiber
reinforced composite structures. The use of natural fibres in place of glass fabrics, or to reduce the
percentage of petrochemidadsed fibers in hybrid composites, is exptbrwithout significantly
compromising the mechanical properties. Flax fabric is selected as the natural fiber reinforcement because
the mechanical properties of flax are among the best compared to other natural fibbers. By reducing the
percentage of syntlie fabrics (i.e., glass fibers) and incorporating layers of flax fabrics into the composite
structure, sustainable automotive interior components can be developed. This hybrid composite design is
expected to be more biodegradable than pure glass fibepostes, while maintaining lightweight
characteristics and adequate mechanical performance.

2. EXPERIMENTAL STUDY

2.1 Materials
Matrix: The properties of Polar Bear (Hi@sed) Epoxy resin, including its biodegradability, good stiffness,
dimensonal stability, corrosion and chemical resistance, and good thermal properties, make it a popular
polymer matrix for advanced composites.
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ReinforcementsBidirectional glass fibers (45 Glass Fiber Fabric) and flax fiber fabrics were selected for
this stug because of their high stiffness and strength. In the Polar Bear matrix composite, the most
prevalent reinforcing fibers are flax fabric and glass fibers.
2.2. Methodology
2.2.1. Composite Design and Lamination
Two laminate configurations of glasand flaxfabric-reinforced composites were fabricated: Type A, in
which flax fiber fabrics were positioned in the core layers, and Type B, in which flax fiber fabrics were
positioned in the outer layers, as shown in Figur@nd 1prespectively.

Figure. 1. Hybrid composite: a) Flax fiber fabrics positioned in the core layers, b) Flax fiber fabrics
were positioned in the outer layers

2.2.2. Hybrid Composite Fabrication

Using bidirectional (£45°) glass fibers and flax fabric, hybadinates were fabricated by Hand-lgy

with bio-based Polar Bear matrix and consolidated using a Meccatronica press system to ensure constant
processing standards. Laminates were cured at a temperature of 85 0C for 15 minutes under controlled
temperatur@nd pressure conditions as shown in Figure 1.

2.2.3. Characterization of Hybrid Composite
Physical and Mechanical testinijtoisture content, thickness swelling, Tensile strength (ASTM standards).

Morphological analysisHigh resolutiom optical microscopy used to evaluate fibeatrix adhesion and
position of reinforcing materials.

3. RESULTS

3.1. DBbpasVes'yd formati on
The densities and volume fractions of all hybrid composites were found to be compdablaver, the
press lamination process proved to be a reliable method for manufacturing hybrid composites within the
specified tolerances. The fiber volume fraction and density of the fabricated composite panels were
evaluated to ensure quality consisteacyoss specimens prior to further testing. It was also observed that
placing the flax fiber fabrics in the outer layers (Type B) of the hybrid layup reduced the likelihood of void
formation or porosity while simultaneously enhancing stiffness. In conpasitioning the flax fibers in
the core layers (Type A) resulted in relatively higher void content, accompanied by reductions in weight
and density due to moisture retention between the two glass fiber layers. Although void content was not
quantified indvidually for each layup configuration, optical microscopy of two representative samples
(Figure 2) revealed very low void content in the olager configuration (Type B).

3.2. Morphological Observations
The morphological study of flax fabriayer placement in hybrid composites provides valuable insights
into how layer sequencing influences microstructural characteristics such as void content, fiber waviness,
porosity distribution, and resirnich regions. Internal variations were characteriasohg highresolution
optical microscopy and microtomography. Positioning the flax layers in the outer regions of the laminate
(Type B) markedly reduced void formation and porosity, producing a more uniform microstructure and
improved stiffness. In contsg placing the flax fibers in the core layers (Type A) resulted in higher void
content and reduced density due to moisture retention between adjacent glass fiber layers. Although void
content was not quantified for each configuration, optical microscbpym representative specimens
(Figure 2) confirmed very low void levels in the odl@yer arrangement. These observations underscore
the critical influence of fabric placement on defect formation, microstructural integrity, and the mechanical
performanceof flaxi glass hybrid composites, reinforcing its importance as a key design parameter for
optimizing structural efficiency.
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Figure 2. Morphological Observation of Hybhd composite due to natual fiber layer placea)ent
corelayer placement (Type Ap) outer-layer placement (Type B)

3. 3. MJd M8 ONn" MOI Properties u4B8OrOmtjr' zOt" tsn o

Based on the test protocol following DIN EN ISO 52%tandard, the FGFG (Glass Fiber/Flax Fiber) hybrid
composie was tested on December 5, 2023, under controlled conditions of 23°C and 46% relative humidity
using flat specimens Type 3. The average results from five samples showed a tensile strength of 171 MPa,
tensile modulus of 13,467 MPa, and strain at maximwad tf 1.8%, demonstrating excellent consistency

with a low coefficient of variation of only 2.43%. Celayer placement of flax fiber fabrics (Type A)
demonstrated superior mechanical performance with the highest tensile strength of 175 MPa and tensile
modulus of 14,104 MPa at 1.8% strain. Ouli@yer placement of natural fibers (Type B) showed slightly
lower performance with an average tensile strength of approximately 172 MPa and average tensile modulus
of around 13,219 MPa.

Corelayer placement of flafiber fabrics (Type A) provides approximately 3% higher tensile strength and
7% higher tensile modulus compared to olgger placement of natural fibers (Type B), confirming better

load transfer efficiency when glass fibers are positioned in the ouyterslaThese test results show
significantly higher tensile strength (:1¥5 MPa) compared to the reference value of 75.60 MPa,
representing more than 125% improvement. This substantial difference suggests potential variations in fiber
volume fractions, maufacturing process improvements, or enhanced-filrix adhesion in the tested
specimens. The stresfrain curve demonstrates linear elastic behavior up to approximately 1.5% strain,
indicating good interfacial bonding between layers and predictalibanieal behavior.

The findings confirm that corlayer placement of flax fiber fabrics (Type A) is the superior configuration

for applications requiring maximum strength while maintaining weight reduction benefits as illustrated in
Table2 and Figure 30uterlayer placement of natural fibers (Type B) resulted in reduced tensile strength
but maintained acceptable performance levels for less demanding applications. The high tensile properties
achieved make this hybrid composite suitable for lightweightsiral components beyond just sustainable
automotive interiors. The excellent repeatability across all specimens demonstrates reliable manufacturing
quality and consistent material properties. Further investigation is recommended to understand the
mecharsms behind the significant performance improvement over reference values. Overall, the
hybridization strategy with appropriate layer configuration successfully balances mechanical performance
with the environmental benefits of natural fiber incorporatibhese findings suggest that while flax
incorporation offers weight advantages, excessive -layar placement compromises mechanical
performance, limiting applicability in lightweight structural components such as sustainable automotive
interiors.

Table2.Tensile Strength of Hybrid Composite vi
Type of layer placement Tensile strength (MPa) Modulus (GPa) Elongation (%)
Corelayer placement of flax fibg 175 14.10 1.8

fabrics Hybrid Composite (Type A
Outerlayer placement of flax fibel 172 13.22 1.9
fabrics Hybrid Composite (Type B

f
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Figure3.Tensi |l e Strength Analysis of Hybrid Composi
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3.4. Environmental and Sustainability Benefits of natural fibers Hybrid composite

Positioning of flax fiber fabricreinforced hybrid compositgtructures made of biodegradable, renewable
materials from sustainable sources offers significant environmental benefits. The test results revealed that
the flax glass hybrid composite showed an average tensile modulus of 13.467 GPa, a tensile strength of
171 MPa, and a strain at break of 1.8%, withacradipat e car bon footprint of 3.
(40.30 kg CO e per GPa of modulus). Composites rE€
can be produced in ways that reduce earbmissions and the need for frenewable resources [22].

Natural fiber reinforced composites are replacing traditional foldable materials in the automotive industry
because they are lightweight, affordable, and environmentally friendly [23]. One wiotesignificant
advantages of replacing automotive components made of metal and synthetic plastics with NFCs is that
vehicles equipped with NFCs require |l ess energy
emission rates [24]. Natural fiberikd flax, hemp, and jute are used to reinforce biocomposites for
dashboards, doors, panels, and car interiors because of their high sioathgytkity ratio and durability.

These materials also help reduce vibrations and noise, making cars more coenf@sqbHybrid
composites are lighter than 100% bidirectional glass ifieerforced composite structures used for
automotive interiors, while also providing a natural aesthetic. This weight reduction improves fuel
consumption and reduces greenhouse gass@ns. Moreover, flax fiber fabiiceinforced hybrid
composites can be produced with comparatively lower energy consumption, making them suitable for
lightweight structural applications. Furthermore, the increased use of agricultural waste fibers and
biodegradable natural fiber ei nf or ced composites in automotive
growing emphasis on the circular economy

4. CONCLUSION

This research has methodically investigated the impact of flax fiber fabric positioning on the nachanic
properties, microstructure, and environmental performance ofjfteess hybrid composites made through
press lamination. The results from the experiments indicate that the configuration of the layers is a
significant factor in finding the right mix beegn mechanical properties, reduction in weight, and
maintenance of the structure. Flax fiber fabrics in the-tayer position (Type A) demonstrated the highest
tensile strength of 175 MPa and tensile modulus of 14.104 GPa at 1.8% strain which is ®randt 3%

more than the tensile strength and tensile modulus of thelay&rplacement (Type B), respectively. The
reason for this performance is that the glass fibers in the outer layer have the best adhesive bond with the
epoxy matrix and thus, the ld#s transferred most efficiently. On the other hand, placing the natural fibers

in the outer layer (Type B) resulted in somewhat lower tensile strength of 172 MPa and modulus of 13.219
GPa, however, it did offer the advantage of reduced voids and parosity microstructure. The high
resolution optical microscopy image analysis revealed that Type B configurations led to more consistent
microstructures and increased stiffness properties while Type A exhibited a relatively larger void content
owing to mosture being trapped in between the glass fiber layers. The press lamination process was very
reliable, showing great consistency with a variation of only 2.43% for tensile strength across all specimens.
The major improvement in tensile properties seen -I7A MPa) when compared to the previously
reported value (75.60 MPa) indicates that the fiber volume fraction has been optimized
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ABSTRACT

Denim garments are preferred products not only for their durability performance biatr élszir aesthetic

and comfort propertie€€onsidering that denim garments are generally produced from thick 100% cotton
yarns, it is inevitable to perform some additional processes, especially to improve comfort prdfmrties
this purpose, softening &pplied after base and effect washes (mechaofahical) Denim becomes
wearable after this softening procdssthis study, changes in the comfort performance of denim garments
were measured by applying silicehased softeners developed by Latro Kini®&D Center during the
washing step at Baykan Denim R&D Centér nonsiliconebased cationic softener was used as a
reference After application, samples were subjected to MMT (Moisture Management Test), thermal
comfort testing with Alambeta, air permdéip, and water vapor permeability testa addition to testing
comfort properties, abrasion resistance and pilling measurements were conducted to detect possible changes
on the surfaceThus, surface appearance and comfort tests were evalugbadaitel Furthermore, the
physical performance and handle (touch) of the samples were determined, and a-sofaicet
performancéhandle evaluation was carried out to establish optimum results

Keywords: Comfort, washing, finishing, silicone,fsgess, denim, cotton

1. INTRODUCTION

Denim fabric is a cotton twill fabric widely used in the textile industry due to its durability and unique
surface characteristics. The result of dyeing the warp threads primarily with indigo while leaving the weft
threals undyed creates blue tones on the front and lighter tones on the back. Denim fabrics have been an
important garment raw material for people of different purposes and income groups for decades. This is
fundamentally based on its naturalness, durabilitg, @anique effect and color harmony. For this reason,
effect processes applied to denim garments have come to the fore, and many academic studies have been
implemented in this field. Most of these have focused on developing processes that are envirgnmentall
friendly and do not harm product performaifi@el]. However, in the last 10 years, expectations for denim
garments have shifted from a focus on durability and appearance to a focus on comfort. This is because
denim has become a garment wiaggardless of summer or winter, almost never produced without elastane,
highly flexible, nonrestrictive of movement, and appealing to a wide audience regardless of the place of
use. Denim, known as a thick and rigid fabric, has reached an expectatengpfitin, flexible, and super
comfortable. This has become a significant expectation, especially in the global market. Consequently, the
word "comfort" is now associated with denim.

Textile comfort is defined as the condition in which the wearer remaadrom physical, physiological,

and psychological discomfort during garment use, while potentially experiencing a sensehsinggll
Technically, this is a multidimensional performance criterion resulting from the interaction of the fabric
with the hunan body. This criterion is evaluated in five saeas: thermophysiological comfort, tactile
comfort, ergonomic comfort, perceptual comfort, and sensory comfort. Various review and experimental
studies for textile fatics can be found in thi#eld [5-6-7]. Denim garments have also begun to be studied
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as a fabric type in this sense. Studies focused particularly on fiber, fabric coastraciil washing are
encountered8-9]. This study involves an experimental application focused on washing. A developed
silicone softener was applied to a denim fabric containing elastane during washing, and its effect on comfort
was examined. This was evaluated by comparing it with a commonly used chtsait softener.

2. EXPERIMENTAL STUDY
2.1 Material

In the studygarments designed with two types of denim fabrics were used. The first is 100% cotton
(Fabric £F1) and the other is 98% cott@® elastane (Fabric-22). Both samples are denim fabrics
woven according to a 3/1 Z twill weave report with slasher indiged warp yarns. Additionally, to
measure the effect of home laundering, a "3 repetitions * 60°C" wash was applied after softening. A
softener specifically developed at the Latro Kimya R&D Center was used in the project. It has an (ab)n
structure, and althoughhas amine content, it does not cause yellowing because the amine is not at the
end of the polymer. It can be mixed directly with water and applied without the need for an emulsifier.
This will be referred to as Chemical 1 (C1). A widely known catididised softener in the market was
chosen as a reference, which will be called Chemical 2 (C2).

2.2 Method

Applications were carried out in drum washing machines located at the Baykan Denim R&D Center. The
following preparatory washing processes wapplied to the garment until the finishing wash stage. These

were applied in four sublasses: préreatment, base, effecting, and softening. A total of 6 steps were
executed. These 6 steps are common processes for both the reference softening anddftenneyv

process. During these 6 steps, a softening finishing process with two chemicals was applied to the two
selected types of denim fabrics. In addition, untreated denim fabric, which can be called raw, was included
in the study under the name RefarerFabric (RF). Table 1 shows the experiment and sample fabric
numbers. Washing process details are provided in Table 1. The reference application was hamed Process
1 (P1), and the new process was named Process 2 (P2).

Table 1.Process plan and details

Thestep of|  Name of The PROCESS1 PROCESS2
the Process Process (P1) (P2)
S1 Prewash 5 min at 55 GRE;ggeml dispersant + 5 min at 55°G 250 ml C1 + Rins
S2 Stone wash 30 min- 75 kg pumice + 150g cellulast 30min - 75 kg pumice + 1509
+ 500 ml dispersant + Rinse cellulase + 250 ml C1 + Rinse
S3 Enzyme 5 min at 55°G 150 ml dispersant + 5 min at 55°G 150 ml dispersant +
Rinse + Drying 30 min at 75°C Rinse + Drying 30 min at 75°C
S4 Local Spry Potassium permanganate Potassiunpermanganate
S5 Neutralization 5 min at 50°C 300g sulfite + Rinse 5 min at 50°C 300g sulfite + Rinse
S6 Softening

Softening wash with 2 liters of C2 Softening wash with 1 liter of C2

In Step 1, 250 ml of C1 chemical was used instead of 500 dipérsantThis was followed by a rinsing
process at room temperatuhe Step 2, the process was applied accompanied by 250 ml of C1 softener
mixture instead of 500 ml of dispersa@l was also used instead of dispersant in this #teftep 6,
softenng was applied with 1 liter of C2 reference softefiéde amount of softener was reduced by 50%
compared to the referend&'hile a total of 2000 ml of cationic softener (C2) was used in P1, 1000 ml of
C2 and 500 ml of C1 were used in.FBe mainreason for using a dispersant in the recipes is to eliminate
the backstaining problemThe noteworthy point in P2 is that C1 softener takes the place of dispersants
Therefore, C1 softener is expected to contribute to both softening and comfort anve i pagkstaining

The experimental plan is given in Table 2
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Table 2. Experimental plan

T[;/eprﬁrzf Specimen | TYPE OF PRE:;NAEE OF
: No PROCESS

Fabric LAUNDERING
F1 N1 - (RF) -
F1 N2 P1 -
F1 N3 P2 -
F2 N4 - (RF) -
F2 N5 P1 -
F2 N6 P2 -
F1 N7 P1 3 repetitions
F1 N8 P2 3 repetitions
F2 N9 P1 3 repetitions
F2 N10 P2 3 repetitions

According to Table 2, 10 samples were obtained when the trials were completed. The following tests were
applied to these 10 samples:

1.Elasticity (%) according to ASTM D3107 and growth (%) tests according to ASTM D2594 to determine
ergonomic comfort.

2.Circular bending strength (kgf) according to ASTM D4032, pilling according to 1ISO 12%t5rasion
resistance according to 1ISO 1292-8-4, and bending stiffness (g.cm) tests according to ASTM D1388 to
determine tactile comfort.

3.Air permeability (L/m3/sec) according to EN 1SO 9237, thermal resistance (m2.K/W) and water vapor
resistance (m2.Pa/W) according to ISO 11092, and Moisture dgédament Test (MMT) according to
AATCC 195 to determine thermophysiological comfort.

4.Alambeta test to determine sensory comfort.

5.Analysis of CIELab* values using a spectrophotometer to detectdbaickng.

3. RESULTS

In the experimental studies, Cthemical replaced the dispersant in the washearefore, the first issue to

be examined is the change in the degree of Btaiking Backstaining is a parameter monitored for
aesthetic concerns, especially in denim garm®atsk-staining occurs wheithe colorless weft yarn of the

denim fabric is contaminated with the indigo dye in the warp, and it is a source of poor{tojalityis

usually checked visually using a qualitative control method, but it can also be analyzed by measuring color
with a spetrophotometerFor this purpose, the L*, a*, b* values of the back side of 3 samplefNgN1

N3) were measured and comparé¢hen Figure 1 is examined, it is seen that bstelning is lower in

sample N3, which includes C1 processes, compared to N2 saffipdebiggest backtaining problem is

in N1 samples where there is no washing atTdle L* value was measured as 52.12 in sample N3 and
50.21 in sample NZThe color of the back side is lighter in sample N@oking at the b* value showing
yellow-blueness, it was determined that the b* value of N3 is larger, meaning it was measured as less blue
This indicates that the back side of sample N3 retains less indigdliyéack side of N3 is cleaner than

N2. The use of C1 silicone in washingdteed backstaining It is thought that the silicoreased material

keeps the dye originating from oil in the washing solution
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Figure 1. Back side L*, a*, b* values and baskaining performance

After proving the success of P2 over P1 in terms of {séaking, the analysis of comfort tests began
First, elasticity (%) and permanent elongation (%) performance were compared to determine ergonomic
comfort These tests were applied to the F2 sample containing elastane, and the resulisFditNdre

given in Figure 2 Elasticity is an important parameter for ergonomic comféigh elasticity and low

growth (bagging) are the expected performance critéftar washing trials, elasticity increased from

65% to 75% for N5 and to 70% for NBlowever, thegrowth change between N4 and N5 indicates a
negative situation for the dimensional stability and wear performance of the gaBremth worsened

by increasing from 3% to 7.5%lowever, in the N6 trial with C1 in the recipe, this value decreased to
2.5% This indicates an improvement in the growth performance of N6 due &ili€bne in the structure

of C1 succeeded in improving elasticity without harming the growth performance

80
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2} 20

0 |
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m Growth 3 7,5 2,5

Figure 2. Determination of elasticity and growth performance for F2

Another important comfort performance is tactile comf@itcular bending strength was measured first

to determine thisSamples NAN5-N6 were tested for thig he stiffness value of the untreated raw fabric
was 1.46 kgfThis improved to 0.63 kgivith P1 washing where only C2 was uskdP2 applications
containing both C1 and C2, this value decreased to 0.5 kigf shows that C1 improves the drape of
the fabric and reduces its stiffne§able 3 shows the pilling and abrasion resistance peafoces
measured as a result of the trialéhen Table 3 is examined, it can be said that there is a significant
difference between F1 and F2, caused by the use of elaattareabrasion, no difference was detected
between abrasion gradd$owever, in terms of breakage and % mass loss, the results in P2 processes
applied with C1 were lower compared to conventional applications

Table 3. Change in surface properties

Specimen PILLING ABRASION ABRASION ABRASION
No TYPE OF GRADE (2000 RESISTANCE RESISTANCE RESISTANCE
PROCESS (1s0129472) (1Is0129473) (1s0129474)
CYCLE)
(cYcLE) (CYCLE /%) (GRADE)
F1-N1 - (RF) 4/5 >25.000 25.000- %4.79 2/3
F1-N2 P1 4 16.000 16.000- %18.85 1/2
F1-N3 P2 4 18.000 18.000- %19.50 1/2
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F2-N4 - (RF) 3/4 >25.000 25.000- %2.54 1/2
F2-N5 P1 4 25.000 25.000- %5.65 1/2
F2-N6 P2 4 >25.000 25.000- %8.39 1/2
F1-N7 P1 4 22.000 22.000- %13.78 1/2
F1-N8 P2 4/5 >25.000 25.000- %16.77 1/2
F2-N9 P1 4 >25.000 25.000- %10.63 1/2
F2-N10 P2 4 >25.000 25.000- %8.59 1/2

Thermophysiological comfort and Alambeta test results are shown in Table 4

Table 4. Thermophysiological comfort and Alambeta test results

Specimen THERMA WATER MMT

No AIR L VAPOR (ommc) S b R
(Table 2) | PERMEABIL  RESISTA RESISTAN Wm  wLgT7T mkK/ V\(/g/’\r/;\Z

ITY (L/IM2/SN) NCE CE K) m] LK W

(M2.K/W) (M2.PA/W)

F1-N1 41.14 0.0041 6.5 0.1633 449  405.30 14.6 551.30
F1-N2 13.85 0.0106 5.7 0.0006 52.63 417.87 17.40 503.97
F1-N3 11.70 0.0066 5.3 0.0126 53.00 439.97 17.57 521.53
F2-N4 54.52 0.0067 5.6 NA 52.73 441.97 17.40 545.27
F2-N5 16.48 0.0112 6.4 NA 56.37 419.83 19.37 489.93
F2-N6 19.01 0.0094 6.1 NA 55.13 419.73 20.30 479.80
F1-N7 13.82 0.0139 6.1 NA 53.13 453.30 18.47 554.10
F1-N8 13.04 0.0078 5.0 0.029 54.13 468.20 16.57 554.60
F2-N9 17.79 0.0075 6.8 NA 55.80 436.40 19.23 519.90
F2-N10 18.18 0.0087 5.8 NA 56.67 444.9 19.27 514.60

When Table 4 is examined for F1 fabric, it was determined that both chemicals significantly reduced air
permeability. Thgerformance of N3 was lower than N2. It is expected that silibased chemicals form

a film on the fiber surface and partially close the pores. Thermal resistance increases with chemical
application. While C2 applications provide the highest increases@dins at a medium level. The silicone

film formed by C1 prevents heat transfer to some extent, but it does not have as strong an insulation effect
as C2.

All processes reduce water vapor resistance, meaning it has improved. C1 application (N8) lpavest

value, providing the best breathability. C1 application showed a positive effect. Raw fabric has the best
moisture management. Chemicals caused a serious decline. C1 is better than C2; less degradation was
detected. Silicone reduced liquid tréersby giving the surface a hydrophobic character. Chemical washes
increased the initial contact coolness sensation of the fabric. C1 and C2 showed similar effects. Silicone
increases the contact area by increasing surface smoothness, which raisesldilee Botta chemicals
increased the thermal resistance of the denim garment. C1 gave similar results to C2. P2 processes applied
with C1 improvecomfort in terms of "thermal sensation and vapor permeability,” while weakening air
permeability and liquid moigte managementt is thought that the silicone in the structure of C1 causes

this. Similar results were obtained in AR line with classic expectations, the C1 silicdrased chemical

reduces liquid moisture transfer by making the fabric surfgciophobic, but it can provide a relative
improvement in water vapor transfer, which is important for the microclimhhte situation shows that C1

does not completely ruin comfort; on the contrary, it can optimize it in terms of "dry sensation anot conta
comfort".

4. CONCLUSION

In the study, the superiority of silicone oils over fatty acid condensation products was proven. Especially
the improvement in baegtaining is the most striking result. C1 worked as both a softener and a dispersant.
Numerical handi evaluation showed that the improvement was around 50%. Thermal comfort was tested
with Alambeta and sweating guarded hot plate devices. Improvement was detected in water vapor resistance
in trials made with new recipes. This improvement reached up-20%b5 When thermal resistance values

were examined, it was determined that the resistance value decreased in thelmbeahgample, meaning
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the heat capacity of the garment decreased. This can be seen as an advantage for this product, which is not
expeted to keep warm. No significant change was detected in air permeability values. When abrasion
resistance values were examined, {palint improvements were detected compared to the reference
application. In general, softening caused a negative effedirasian resistance. When MMT values were
examined, the moisture transfer capabilities of all fabrics can generally be evaluated in the poor class.
However, a slight improvement was detected in this value with silicone application. For example, the
OMMC value, which was 0.0006, increased to 0.0126. No change due to softening was detected in pilling
values.
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ABSTRACT

The growing demand for sustainable textile products has increased the interest in biodegradable and bio
based fiber alternatives. Kapok fiber (Ceiba pentandra) is a renewable natural fiber characterized by its
ultraslow density, hollow sucture, hydrophobic behavior, and excellent thermal insulation properties.
However, its short fiber length and low cohesion create significant challenges for conventional spinning
processes. This study investigates the spinnability of kapok fiber blerttedotton for the development

of sustainable weaving yarns.

Kapok fibers were subjected to greatment processes to improve processability and reduce fiber fly
during spinning. Ring yarns (Ne 8/1) were produced from a 70% cotton / 30% kapok bttffieremt

twist levels. Spinning performance, yarn strength, and yarn irregularity were evaluated and compared with
100% cotton yarns.

The results showed that kapok fiber cannot be spun alone under conventionatagiierspinning
conditions due to itoWw cohesion and strength. Increasing twist levels significantly improved yarn tenacity,
while yarn irregularity exhibited limited change. Although 100% cotton yarns demonstrated higher
mechanical performance, the incorporation of kapok provided notabdmt@ades such as reduced yarn
weight, increased bulkiness, enhanced thermal insulation, and improved hydrophobicity.

These findings indicate that kapok fiber is more suitable as a functional blending component rather than a
standalone spinning material. @ot/kapok blended yarns present promising potential for producing
lightweight, comfortable, and environmentally sustainable weaving fabrics.

Keywords: Kapok fiber, Sustainable textiles, Ring spinning, Weaving yarrb&ied fibers

1.INTRODUCTION

In recent years, increasing environmental concerns and the demand for sustainable textile production have
accelerated the development of-biased and biodegradable fiber alternatives. Natural fibers have attracted
significant attention du their renewability, low environmental impact, and compatibility with sustainable
production systems [1].

Kapok fiber (Ceiba pentandra) has emerged as a promising natural fiber due to its unique structural and
functional properties. It is characterizeg &n ultralow density, hollow tubular structure, hydrophobic
behaviour, and excellent thermal insulation capacity [2,3]. These properties make kapok fiber particularly
suitable for lightweight and functional textile applications.

Kapok fiber, recognizedsaone of the lightest natural fibers, exhibits a neutral, céiterstructure, and is
hypoallergenic, nothoxic, and resistant to degradation. It is traditionally employed as a filling material in
pillows, bedding, and soft toys. Due to its exceptionayancy, kapok fiber is widely utilized in flotation
devices, such as life jackets, and serves as an effective thermal and acoustic insulator. Despite being
underutilized compared to cotton and other plzaged fibers, kapok is increasingly attractingistific

attention owing to its distinctive physicochemical and functional propejdies.
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However, despite these advantages, kapok fiber presents several limitations in conventional spinning
systems. Its short fiber length, smooth surface morphologyctivesion, and weak intéber friction
significantly reduce its spinnability in ring spinning processes. It has been reported that kapok fibers have
short length, poor cohesion, and lack flexibility, making them difficult to spin sepaléfg]yAs a reult,

kapok fiber cannot be efficiently processed using conventionalstagie spinning technologies.

To overcome these limitations, blending kapok fiber with other fibers, particularly cotton, has been widely
investigated. Cotton fibers provide higheohesion, better flexibility, and improved processability,
enabling the production of more stable yarn structures [5,6]. Previous studies have demonstrated that
kapok/cotton blended yarns can be successfully produced within certain blending ratios; however
increasing kapok content generally leads to a reduction in yarn strength due to the intrinsic structural
limitations of kapok fibers [6,7].

On the other hand, the incorporation of kapok fiber into yarn structures offers several functional advantages,
including reduced yarn weight, increased bulkiness, improved thermal insulation, and enhanced
hydrophobic properties. These characteristics make kapok particularly attractive for emmefugd and
sustainable textile applications [2,7].

However, despite #hincreasing interest in kapok fiber, there is still limited research focusing on its
behaviour in conventional ring spinning systems, particularly in relation to process parameters such as twist
level and their influence on yarn performance. In textitgreering, yarn quality is a key factor influencing

both process efficiency and ende performance. Yarn quality is typically evaluated through parameters
such as unevenness, imperfections, hairiness, and tensile strength, which are affected by kaidriedw m
properties and spinning conditions [8].

Advanced testing systems such as AFIS and Uster are widely used to analyse fiber and yarn properties,
enabling detailed evaluation of structural characteristics and quality paramétets [Bhese advanced

testing systems enable a detailed understanding of the relationship between fiber properties, spinning
parameters, and yarn performance. In addition, yarn strength is strongly influenced by fiber properties and
twist level, which plays a critical role in g@mining yarn performance [12].

Therefore, this study aims to investigate the spinnability of kapok/cotton blended yarns and to evaluate the
effect of twist level on key yarn properties, including tensile strength and irregularity. In addition, this study
aims to provide practical insights for the utilization of kapok fiber in sustainable textile applications.

2. EXPERIMENTAL STUDY

Kapok fibers used in this study were subjected totrg@ment processes in order to enhance their
spinnability by increasingiber cohesion and mitigating the adverse effects of their hollow structure and
ultraslow density. These treatments aimed to improve processability during spinning. However, despite
these modifications, several challenges were observed during procéssiding fiber fly generation,

dust formation, and difficulties in achieving homogeneous blending with cotton fibers due to the smooth
surface morphology and low inté&ber friction of kapok fibers.

In this study, yarns were produced from a blend cangisif 70% organic cotton and 30% kapok fiber.

The blend ratio was determined based on preliminary trials to ensure processability and to maintain yarn
integrity during spinning. A ring spinning system was employed to produce yarns with a count of Ne 8/1.
The ring spinning machine used in the production process is shown in Figure 1. To investigate the effect of
spinning parameters on yarn performance, three d
applied. Twist level was considered aicat parameter influencing fiber cohesion, yarn strength, and
structural stability.

All yarns were produced under controlled production conditions. In order to evaluate the effect of kapok

fiber incorporation, 100% cotton yarns were also produced undaiddespinning conditions and at the
same twist levels for comparison.
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Yarn quality parameters were evaluated using standard textile testing methods. Yarn unevenness (U% and
CV%), imperfections (thin places, thick places, and neps), and hairiness wergedaasing Uster Tester

6, while tensile strength was determined using Uster Tensojet 4. The testing equipment used in this study
is presented in Figure 2. All tests were conducted under standard atmospheric conditions (20 + 2°C
temperature and 65 = 2%latve humidity). Each measurement was repeated multiple times, and the
average values were used for analysis to ensure the reliability and reproducibility of the results.

A Y g miun
§AURER.

351

Figure 2. Testing equipment used for yarn characterization

3.RESULTS

3.1 Effect of Twist Level on Yarn Properties
The test results of 70% cotton / 30% kapok blended yarns produced at different twist levels are presented
in Table 1.

An increase in the twistoefficient resulted in a clear improvement in yarn strength (RKM). This behaviour
can be attributed to enhanced fiber cohesion within the yarn structure at higher twist levels, which improves
fiber integration and load transfer during tensile loading.

In contrast, yarn unevenness parameters (U% and CV%) did not exhibit a significant variation with
increasing twist level. Similarly, the number of imperfections, including thin places, thick places, and neps,
did not follow a consistent trend, indicating thaist level had a limited influence on these properties.

Hairiness values showed a decreasing tendency with increasing twist, suggesting that higher twist levels
contribute to better fiber binding and reduced fiber protrusion from the yarn surface.
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Tablel Test result of 70 %cotton 30 % kapok
PROPERTY 38Ue 4Ue 42U0e
YARN COUNT 8 8 8
U% 1090 11.32 10.92
UCV % 1457 15.05 14.60
THIN PLACES -50 0 0 0
THICK PLACES 123 128 127
+50
NEPS(+200%) 133 128 146
HAIRINESS 13.97 13.34 12.35
RKM (CN/TEX) 15.13 16.39 17.10

3.2 Comparison Between Kapok/Cotton and 100% Cotton Yarns

A comparison between kapok/cotton blended yarns and 100% cotton yarns at the same twist levels is
presented in Figure 3.

The results indicate that 100% cotton yarns demonstrated superior performance in terms of unevenness,
imperfections, and hairiness. In addition, tensile strength values of 100% cotton yarns were significantly
higher than those of the blended yarns

These iindings can be explained by the inherent structural limitations of kapok fiber, including its low
cohesion, smooth surface morphology, and short fiber length, which reduceofftiesr friction and
negatively affect yarn structure formation.

120
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olo ole (,)Q (,)Q olo o @
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m 70% Cotton 30% Kapok =100% Cotton

Figure 3. Comparison of yarn properties for 70 % Cotton 30 % kapok and 100% cotton yarns
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3.3 Overall Evaluation of Spinning Performance

The results clearly indicate that the inclusion of kapok fiber adversely affects yarn quality parameters,
particularly tensile strength and structural regularity. However, the extent of this effect depends on the
applied spinning parameters.

Although kapok fiber negatively influences mechanical performance, the results confirm that it can be
incorporated intgarn structures within certain limits, particularly when appropriate twist levels are applied.

It is important to note that while mechanical properties are reduced, kapok fiber contributes to several
functional advantages, such as reduced yarn weighéased bulkiness, enhanced thermal insulation, and
improved hydrophobicity. These characteristics make kapok fiber suitable for applications where comfort
and functionality are prioritized over mechanical strength. The test results of the 70% cottonalp@%o k
blended yarns produced at different alpha twist levels are presented in Table 1. An increase in the twist
coefficient led to a noticeable improvement in yarn strength (RKM), which can be attributed to enhanced
fiber cohesion within the yarn structuaehigher twist levels.

In contrast, yarn unevenness parameters (%U and CV%) did not exhibit a significant variation with
increasing twist. Similarly, the number of imperfections (thin places, thick places, and neps) did not follow
a consistent trend, inchting that twist level had a limited influence on these properties.

Hairiness values showed a slight decreasing tendency with increasing twist, suggesting that higher twist
levels contribute to better fiber integration and reduced fiber protrusion feograth surface.

A comparison between the blended yarns and 100% cotton yarns at the same alpha level (Figure 3) revealed
that 100% cotton yarns demonstrated superior performance in terms of unevenness, imperfections, and
hairiness. In addition, the tensirength values of 100% cotton yarns were significantly higher than those

of the blended yarns.

These findings indicate that the inclusion of kapok fiber negatively affects yarn quality parameters,
primarily due to its low cohesion and unfavourable stmattcharacteristics. However, the results also
confirm that kapok fiber can be incorporated into yarn structures within certain limits, particularly when
appropriate spinning parameters are applied.

4.CONCLUSION

This study investigated the spinning penfi@ance of 70% cotton / 30% kapok blended yarns produced by a
ring spinning system at different twist levels. The results clearly demonstrate that twist level is a critical
parameter influencing yarn strength and structural integrity.

An increase in twist kel led to a significant improvement in tensile strength and a slight reduction in yarn
hairiness, while its effect on yarn unevenness and imperfections remained limited. These findings indicate
that twist optimization plays a key role in enhancing théoperance of kapolkontaining yarns.

Compared to 100% cotton yarns, kapok/cotton blended yarns exhibited lower tensile strength and higher
irregularity. This behaviour is mainly attributed to the inherent structural limitations of kapok fiber, such
as low ohesion, short fiber length, and smooth surface morphology, which negatively affetofiiber
interaction and yarn formation.

Despite these limitations, the incorporation of kapok fiber offers several functional advantages, including
reduced yarn welg, increased bulkiness, enhanced thermal insulation, and improved hydrophobic
properties. These characteristics make kapok fiber a promising component for the development of
lightweight, comfortoriented, and sustainable textile products.
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Overall, the fimlings suggest that kapok fiber is more suitable for use in blended yarn structures rather than
as a standalone spinning material. In addition, the results highlight the importance of adapting conventional
spinning parameters when processing-traditionalbio-based fibers.

Future studies should focus on optimizing processing conditions, exploring different blending ratios, and
investigating the relationship between fiber structure andusedperformance in kapdiased textile
systems.
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INVESTIGATION OF THE FUNCTIONALIZATION OF DENIM
FABRICS WITH BIOMATERIALS AND THEIR EFFECTS ON FABRIC
PERFORMANCE
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ABSTRACT

Denim fabrics have a wide range of applications in the textile industry due tohaility and timeless
appearance. Today, not only mechanical properties but also comfort ancbsipatible functional
properties have gained importance. Therefore, improving conventional denim fabrics through functional
finishing processes has beconmeimportant research topic.

In this study, the effects of collagen and aromatic vegetableaséd coating formulations on the surface
properties, moisture management behaviour, biocompatibility and antimicrobial properties of denim fabrics
were investigied. Indigedyed denim fabric with a 3/1 Z twill structure and a weight of 300 g/m2 was used.

In addition to the reference fabric, a control sample containing a binder system (Formulation 0) and three
different biomateriabased coating formulations (Fortations 1, 2 and 3) were prepared.

After coating, the surface morphology was analysed by scanning electron microscopy (SEM), and chemical
structural changes were determined by Fourier transform infrared spectroscopy (FTIR). The liquid moisture
transfer behviour was evaluated by the Moisture Management Test (MMT), while wettability was
determined by contact angle measurements. The biocompatibility of the coating systems was analysed by
the in vitro biocompatibility/cytotoxicity (MTT cell viability) test, dnantibacterial and antifungal
properties were evaluated by microbiological tests.

The results showed that biobased coating applications increased the hydrophilicity of the fabric surface and
improved moisture management performance. The coating systamfowed to be biocompatible, while
a limited antibacterial effect and no significant antifungal activity were observed.

Keywords: Denim, microcapsule, collagen, coating, biocompatibility, antibacterial

1. INTRODUCTION

In recent years, the textile industry has moved beyond products that possess only aesthetic and mechanical
properties and has turned toward functional and smart textile products. Especially in textile products that
come into direct contact with the skirrpperties such as user comfort and biocompatibility have become
important. Therefore, research aimedhgtartingvarious functional properties to textile surfaces has been
increasing.The raturatbased biopolymers are among the materials frequently igatst to provide
functional properties to textile surfaces. One of these biopolymers, collagen, is widely used in cosmetic and
medical applications due to its biocompatibility, biodegradable structure ghdnmisture retention
capacity[1],[2].

The intgration of collagen and other biomaterials into textile surfaces offers an important approach for
improving functional properties, especially in products that come into direct contact with the skin. These
systems have the potential to impart moisture mamaat, comfort, and skiftiendly properties to textile
products. However, the dense and compact structure of denim fabrics makes it difficult to effectively and
permanently transfer these components onto the fabric surface. Therefore, it is necessaappoopriate
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application techniques that enable the controlled and homogeneous transfer of bichegedaystems
onto textile surfaces [3].

Denim fabrics are one of the important products of the textile industry due to their durable structure and
wide range of applications. The primary aim of this study is to enhance the biocompatibility properties of
denim fabrics by using biomaterbased microcapsule coating systems. In the second stage, the effects of
the coating systems on comfoeiated paranters such as moisture management, wettability, and surface
morphology were investigated. Within this scope, the effects of collagen and aromatic vegetsddeadil
coating systems on the surface properties, biocompatibility, antibacterial, and anttiehgaiourof

denim fabrics were evaluated.

2. EXPERIMENTAL STUDY

In this study, coating applications were applied to desized 100% cotton denim fabrics using the knife
coating method oalaboratorytype machineAfter the coating applicationd)¢ biocompatittity, comfort,
antibacterial and antifunggkroperties of the fabrics were evaluated using various analysis methods, and
the obtained results were compared with the reference sample.

2.1.Materials

In the coating applications, various commercia¢micals were used. To provide functional properties in
the coating formulations, marine collagen and a mixture oil system consisting of aromatic oils were used.

Ruco®Coat FX 8011is an anionic crosslinking agent and was used in the coating formulatiensure
the binding of polymer dispersionsué®-Coat TH 5020s a polyacrylatéased thickener and was used
to adjust the viscosity of the coating paste. Ru€x@t VA 115 is a vinyl acetdtethylene copolymer
based polymer dispersion and was usedtisder and filmforming agent in the coating system.

The collagen used in the study is marine collagen obtained from fish waste and contains 5% active
substance. Due to its low molecular weight, it can be homogeneously distributed in solution andycan easi
penetrate textile surfaceBhe mixture oil system used in the coating formulations consists of bitter melon

(Momordica charantia |, St . JHypencans peroatuih caléndula Calendula officinaliy, and
olive oili based componenf4].
2.2. Methd

To transfer the active components used in the study to the textile surface in a more stable o@tagEma

and aromatic vegetable dihsed microcapsule system was developed. The microcapsules were produced
using the spray drying method, where caflagonstituted the outer phase of the capsule and the inner
phase consisted of a mixture of aromatic oils. The obtained microcapsules were incorporated into the
coating formulations and applied to the fabric surface. The coating processes were camsdgoat
laboratorytype knife coating method, and the coating paste was prepared in an aqueous medium and
applied to the back surface of the fabric as a sisigle coating. After coating, the samples were subjected

to two different drying/fixation conditins depending on the formulation: samples containing collagen and
microcapsules were dried in a single pass at 50°C under a low line speed, while the other samples were first
dried at 120°C and then fixed at 180°C.

Within the scope of the study, samplegaevebtained by preparing different coating formulations together

with the reference fabric. The reference sample represents the fabric without any coating application.
Formulation O was prepared as a control sample containing only binder and auxiliaigatheihis
formulation was used to evaluate the effects of the basic chemicals used in the coating system on fabric
performanceThree different coating formulations were developed and samples named as Formulation 1,
Formulation 2 and Formulation 3 werbtained. In these formulations, collagemd aromatic vegetable
oil-based microcapsules were incorporated into the coating paste at specific ratios, and the microcapsule
content was adjusted to 10%, 20% and 40%, respectively. The coating system wasl pogpéner with

binder, thickener and polymer dispersion. In this way, homogeneous distribution of the microcapsules
within the coating matrix and their effective transfer to the fabric surface were ensured.

After coating, the fabrics were subjected tdwas characterization tests. In this context, SEM analysis was
performed to examine surface morphology, and FTIR analysis was conducted to determine chemical
structural changes. The MMT (AATCC 12B11) was carried out to evaluate moisture management
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perfamance, and contact angle measurements (laboratory method) were performed to determine surface
hydrophilicity. In addition, the MTT cell viability test (ISO 10983021) was conducted attkes t a n b u |
UniversityCer r ahpaka Nanot ec hnladomatgryto deterthineBtie dibcerphtibildyl o g y
properties of the coating systems. Antibacterial activity was evaluated according to ASTM®E244®
antifungal activity according to AATCC 30 by microbiological tests.

3. RESULTS

In this study, theffects of the prepared coating systems on the biocompatibility, surfams s, comfort
performance, antibacterial and antifunigahavior of denim fabrics were evaluated using various analysis
methods.

3.1. MTT Cytotoxicity Results

In order to evalate the biocompatibility properties of the coating systems, the MTT cell viability test was
performed. The cell viability values obtained as a result of the test are presented in Table 1.

Table 1.Cytotoxicity test results

Cell Viability (%) Cell Viability (%)

Sample Extraction Concentration 72 Hours Sample Extraction Concentration 72 Hours
(%) (%)

Reference 100 89,5 Formulation 50 102,97
- - 1 25 100,16
Formulation 50 88,6 Formulation 50 103,49
0 25 85,8 2 25 103,81
Formulation 50 107,96
3 25 116,08

When the in vitro MTT cytotoxicity test results are examined, it is observed that the cell viability value of
the reference fabric sample is 89.5%. In the Formulation 0 sample, which contains only theysitedey

the cell viability values were determined to be lower compared to the reference fabric and were found to be
in the range of 85i88.6%. In contrast, in the Formulation 1, 2 and 3 series samples containing biomaterial
based microcapsules, the ceadhility values were observed to be above 100%, and the highest values were
obtained particularly in the Formulation 3 sample.

These results indicate that biomatebaked microcapsule coating systems exhibit a cell proliferation
supporting effect and deanstrate a positive performance in terms of biocompatibility. The increase in cell
viability observed with increasing microcapsule content suggests that the biomaterial content improves
surface interactions and creates a-fredhdly environment. This fiding clearly supports the effectiveness

of the coating system in improving the biocompatibility properties of denim fabrics, which is the main
objective of the studyg].

In the contact angle and MMT tests carried out to evaluate the effect of the syatiEim on the comfort
properties of the fabridrormulation3 was preferred as the representative sample. This is because the
Formulation3 sample showed the highest cell viability values across the concentration range and was
therefore evaluated as the shguitable coating system in terms of biocompatibility.

3.2. Contact Angle Results
The ®ntact angle measurements were carried out to determine the effect of coating applications on the
wettability behaviour of the fabric surface. The obtained resuligrasented in Table 2.

Table 2.Contact angle test results

Samples Contact Angle (°)
Reference 151
Formulation 0 111
Formulation 3 90
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When the contact angle measurements are examined, it is seen that the reference fabric has the highest
contactangle value with 151°, indicating that the surface exhibits a more hydrophobic behavior. In the
coated samples, it was determined that the contact angle values decreased significantly. Especially in the
Formulation 3sample, the decrease of the contacteaty90° indicates that thBomaterialbased coating

system increased the hydrophilicity properties of the fabric surface. This situation can be associated with
the change in the interaction of the water droplet with the surface due to the structecelgrtine coating

layer on the fiber surface.

3.3. Moisture Management Test
The MMT was applied to evaluate the liquid moisture transfer properties of the fabrics. The main
parameters obtained because of the test are presented in Table 3.

Table 3.MMT testresults

MOISTURE MANAGEMENT TEST (MMT)
SAMPLES TSWT | BSWT | TSAR | BSAR | TSMWR [ BSMWR | TSSS | BSSS [ OWTI oMMC | oMmmP
() (9) (%/s) | (%ls) (mm) (mm) [ (mm/s)|(mm/s)| (%)

Reference 99,14 | 13,07 | 7,46 | 22,42 5 5 0,05 0,39 |436,21] 0,51 3
Formulation 0 120 9,65 0 30,84 0 5 0 0,5 [461,29] 0,55 3,5
Formulation 3 | 5,71 | 6,37 | 23,63| 29,66 10 15 1,41 | 2,097 ] 186,52 0,4 2,5

TSWT: Top Surface Wetting Time BSWT:Bottom Surface Wetting Time

TSAR:Top Surface Absorption Rate BSAR:Bottom Surface Absorption Rate

TSMWR: Top Surface Maximum Wetted Radius BSMWR: Bottom Surface Maximum Wetted

Radius

TSSS:Top Surface Spreading Speed BSSS:Bottom Surface Spreading Speed

OWTI: Accumulated On&Vay Transport Index OMMC: Overall Moisture Management Capacity
OMMP: Overall Moisture Management Performance

When the MMT results are examined, it is observed thaoh@ulation3 sample containingiomateriad

based microcapsules exhibits shorter wetting times and higher spreading speeds compared to the reference
and Fomulation 0 samples. In particular, the significant decrease in the wetting times of the upper and
lower surfaces and the increase in liquid spreading speeds indicate that the coating application improved
the liquid moisture transfer behavior of the fabflibis situation can be associated with the increase in the
hydrophilicity properties of the fabric surface caused by the @lagntaining coating system [6]

3.4. Antibacterial/Antifungal Activity

To evaluate the antimicrobial properties of the fabric samples, antibacterial and antifungal tests were
performed. Antibacterial analyses were carried otaphylococcus aureasidEscherichia colbacteria,

while antifungal analyses were conducted ggheCandida albicansnicroorganism. When the obtained

results were examined, it was observed that the antibacterial effect in the coated samples was at a limited
level. In the antifungal test results, it was determined that no inhibition zone was fortinedamples and

that antifungal activity was not observed. This situation indicates that the coating system used does not
exhibit a significant antifungal effect.

3.5. SEM Analysis

When theSEM images are examineds itletermined that significant chasgare observed in the fiber

surface morphologies of the coated fabric samples. In the Formulation 0 sample, coating residues and
particle formations irregularly distributed on the fiber surfaces are observed. In the Formukatiople
containingbiomateral-based microcapsuleshit o bserved t hat a more homoge
on the fiber surfaces and the surface gains a smoother structure. In the Forn2usatiople, particle

formations and coating accumulations are noticeable in someasegiiothe fiber surfaces. In contrast, in

the Formulatior8 sample, it is observed that the coating material adheres better to the fiber surface and
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forms a more continuous coating layer on the fibers. Especially at higherficetgoms (500x and 1000x),
tbs observed that the coating material partially
fiber morphology. The corresponding SEM imagesshown in Figure.l

FORMULATION 6B

FORMULATION 6

Figure 1. SEM image®f samples

3.6.FTIR Analysis
When the FTIR spectra are examined, it is observed that the characteristic bands belonging to cotton fibers

are preserved in all samples. The broad band observed in the rangeid@& 32000 cm T cdérrespoao
H stretching vibrations. In the range of 28309 2 0  d IrhstretchingQribrations are identified. In the
coated sampl es, the bands observed around 1650 c
amide |l vibrations specific to collagen. In addition, tHeOCand @ Oi C bands observed in tange of
10000150 cm T indicate characteristic peaks belong

the biomaterialbased coating system has been successfully transferred onto the fabric surface. The
corresponding FTIR spectra are showikigure 2

Figure 2. FTIR results

4. CONCLUSION

In this study, the effects of coating systems contaibiiognateriatbased microcapsules on the surface
properties, comfort performance, and biocompatibility of denim fabrics were investigated. MTT test results
revealed that the coating systems containing collagen exhibited a biocompatible structure by showing high
cell viability values. Contact angle and moisture management (MMT) results showed that the coating
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