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Editorial

New Research Trends for Textiles, a Bright Future
Laurent Dufossé

CHEMBIOPRO Laboratoire de Chimie et Biotechnologie des Produits Naturels, ESIROI Agroalimentaire,
Université de La Réunion, 15 Avenue René Cassin, F-97400 Saint-Denis, Ile de La Réunion, France;
laurent.dufosse@univ-reunion.fr; Tel.: +262-692402400

The Textiles journal is a peer-reviewed, open access journal, officially launched in
2021. It concerns research and innovation in the field of textile materials. This field is very
broad and covers many topics. Textile materials composed of fibers linked by weaving,
braiding, knitting, or sewing constitute a wide range of materials and are essential for many
applications. They are ancestral materials used since antiquity and yet find themselves
utilized in advanced applications, such as in composites in aeronautics or the medical
industry [1].

Textiles, an open access international journal by MDPI (Basel, Switzerland), focuses
on the broad field of textile materials and topics including, but not limited to, the follow-
ing: fibers and yarns for textiles, properties, and microstructures; advances in weaving,
braiding, and knitting technologies; 3D textiles; nonwovens; the structure and properties
of high-performance textiles; the characterization and testing of textiles; fatigue, damage,
and the failure of textiles; friction in textile materials; simulations in textiles; textile and
clothing science; sustainable fibers and textiles; dyeing textiles; microbial [2,3] and plant
pigments for the textile industry; microbial enzymes in the textile industry; bio-polishing;
the bioconversion of waste fabric; microbial wastewater treatment; microbial silk; bacterial
cellulose; recycling in textiles; fashion and apparel design; textile composite; preform and
prepreg draping; medical textile materials; textile materials for civil engineering applica-
tions; geotextiles; smart textiles; protective and thermal protective textiles; textile history
and archaeology [1,4].

To date, Textiles has published 115 articles that can be found here:
https://www.mdpi.com/search?q=&journal=textiles&sort=pubdate&page_count=50

(accessed on 14 August 2024).
In order to demonstrate the huge impact of textile research and technology on the

world, the Publisher, the Editorial Board, and myself decided to invite contributions and
feature papers from key world-class researchers which were collected in a single Special
Issue entitled ‘New research trends for textiles, a bright future’, from September 2022 to
May 2023.

In total, 17 papers were submitted and 12 published. These 12 papers can be roughly
subdivided into four parts: functional textiles; process and modeling; control; consumers
and behavior.

1. Functional Textiles

Tanasa, F.; Teaca, C.; Nechifor, M.; Ignat, M.; Duceac, I.; Ignat, L. Highly Specialized
Textiles with Antimicrobial Functionality—Advances and Challenges. Textiles 2023, 3(2),
219–245; https://doi.org/10.3390/textiles3020015. https://www.mdpi.com/2673-7248/
3/2/15 (accessed on 14 August 2024).

Girase, A.; Thompson, D.; Ormond, R. Comparative Analysis of the Liquid CO2
Washing with Conventional Wash on Firefighters’ Personal Protective Equipment (PPE).
Textiles 2022, 2(4), 624–632; https://doi.org/10.3390/textiles2040036. https://www.mdpi.
com/2673-7248/2/4/36 (accessed on 14 August 2024).

Bolaji, J.; Dolez, P. Supportive, Fitted, and Comfortable Bras for Individuals with
Atypical Breast Shape/Size: Review of the Challenges and Proposed Roadmap. Textiles

Textiles 2024, 4, 356–358. https://doi.org/10.3390/textiles4030021 https://www.mdpi.com/journal/textiles1
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2022, 2(4), 560–578; https://doi.org/10.3390/textiles2040032. https://www.mdpi.com/26
73-7248/2/4/32 (accessed on 14 August 2024).

2. Process and Modelling

Filippi, J.; Silva, A.; Marangoni, C.; Correia, J.; Valle, J.; Valle, R. Turkey Red Oil as
a Renewable Leveling and Dispersant Option for Polyester Dyeing with Dispersed Dyes.
Textiles 2023, 3(2), 163–181; https://doi.org/10.3390/textiles3020012. https://www.mdpi.
com/2673-7248/3/2/12 (accessed on 14 August 2024).

Dils, C.; Hohner, S.; Schneider-Ramelow, M. Use of Rotary Ultrasonic Plastic Welding
as a Continuous Interconnection Technology for Large-Area e-Textiles. Textiles 2023, 3(1),
66–87; https://doi.org/10.3390/textiles3010006. https://www.mdpi.com/2673-7248/3/
1/6 (accessed on 14 August 2024).

Ebrahim, S.; Othman, H.; Mosaad, M.; Hassabo, A. Eco-Friendly Natural Thick-
ener (Pectin) Extracted from Fruit Peels for Valuable Utilization in Textile Printing as a
Thickening Agent. Textiles 2023, 3(1), 26–49; https://doi.org/10.3390/textiles3010003.
https://www.mdpi.com/2673-7248/3/1/3 (accessed on 14 August 2024).

Akhtar, W.; Watanabe, C.; Tou, Y.; Neittaanmäki, P. A New Perspective on the Textile
and Apparel Industry in the Digital Transformation Era. Textiles 2022, 2(4), 633–656; https:
//doi.org/10.3390/textiles2040037. https://www.mdpi.com/2673-7248/2/4/37 (accessed
on 14 August 2024).

Mamun, A.; Bormon, K.; Rasu, M.; Talukder, A.; Freeman, C.; Burch, R.; Chander,
H. An Assessment of Energy and Groundwater Consumption of Textile Dyeing Mills in
Bangladesh and Minimization of Environmental Impacts via Long-Term Key Performance
Indicators (KPI) Baseline. Textiles 2022, 2(4), 511–523; https://doi.org/10.3390/textiles204
0029. https://www.mdpi.com/2673-7248/2/4/29 (accessed on 14 August 2024).

3. Control

Wang, Y.; Li, X.; Xie, J.; Wu, N.; Jiao, Y.; Wang, P. Numerical and Experimental
Investigation on Bending Behavior for High-Performance Fiber Yarns Considering Proba-
bility Distribution of Fiber Strength. Textiles 2023, 3(1), 129–141; https://doi.org/10.3390/
textiles3010010. https://www.mdpi.com/2673-7248/3/1/10 (accessed on 14 August 2024).

Romao Santos, R.; Nakanishi, M.; Sukigara, S. Tactile Perception of Woven Fabrics by
a Sliding Index Finger with Emphasis on Individual Differences. Textiles 2023, 3(1), 115–
128; https://doi.org/10.3390/textiles3010009. https://www.mdpi.com/2673-7248/3/1/9
(accessed on 14 August 2024).

Ahirwar, M.; Behera, B. Prediction of Shrinkage Behavior of Stretch Fabrics Using
Machine-Learning Based Artificial Neural Network. Textiles 2023, 3(1), 88–97; https:
//doi.org/10.3390/textiles3010007. https://www.mdpi.com/2673-7248/3/1/7 (accessed
on 14 August 2024).

4. Consumers and Behavior

Miyauchi, R.; Zhou, X.; Inoue, Y. Design Elements That Increase the Willingness to Pay
for Denim Fabric Products. Textiles 2023, 3(1), 11–25; https://doi.org/10.3390/textiles301
0002. https://www.mdpi.com/2673-7248/3/1/2 (accessed on 14 August 2024).

I, as the Guest Editor, trust all readers of this Special Issue to enjoy the contents, and
I would like to deeply thank all the wonderful authors who contributed, Prof. Philippe
Boisse, Editor-in-Chief of Textiles, the numerous reviewers, and the whole team at MDPI
(editing, production, website, etc.).

Conflicts of Interest: The author declares no conflict of interest.
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Review

Highly Specialized Textiles with Antimicrobial
Functionality—Advances and Challenges
Fulga Tanasa 1,*, Carmen-Alice Teaca 2 , Marioara Nechifor 1, Maurusa Ignat 2, Ioana Alexandra Duceac 1

and Leonard Ignat 2

1 Polyaddition and Photochemistry Department, “Petru Poni” Institute of Macromolecular Chemistry,
41A Grigore Ghica-Vodă Alley, 700487 Iaşi, Romania

2 Center for Advanced Research in Bionanoconjugates and Biopolymers, “Petru Poni” Institute of
Macromolecular Chemistry, 41A Grigore Ghica-Vodă Alley, 700487 Iaşi, Romania

* Correspondence: ftanasa@icmpp.ro

Abstract: Textiles with antimicrobial functionality have been intensively and extensively investigated
in the recent decades, mostly because they are present in everyday life in various applications:
medicine and healthcare, sportswear, clothing and footwear, furniture and upholstery, air and water
purification systems, food packaging etc. Their ability to kill or limit the growth of the microbial
population in a certain context defines their activity against bacteria, fungi, and viruses, and even
against the initial formation of the biofilm prior to microorganisms’ proliferation. Various classes of
antimicrobials have been employed for these highly specialized textiles, namely, organic synthetic
reagents and polymers, metals and metal oxides (micro- and nanoparticles), and natural and naturally
derived compounds, and their activity and range of applications are critically assessed. At the same
time, different modern processing techniques are reviewed in relation to their applications. This
paper focuses on some advances and challenges in the field of antimicrobial textiles given their
practical importance as it appears from the most recent reports in the literature.

Keywords: antimicrobial textiles; synthetic antimicrobial reagents; polymers; natural antimicrobial
compounds; applications

1. Introduction
1.1. General Background

Health risks management has been constantly considered in recent decades in all
relevant domains in daily life due to the spectacular worldwide increase in number and
variety of microbial infestation and proliferation, ranging from local to global, and from
aggressive to violent and nonresponsive epidemics/pandemics (plague, SARS, West Nile,
SARS-CoV-2, COVID-19, cholera, smallpox, scarlet rash, HIV-AIDS, Marburg, Ebola, Span-
ish flu, MERS) [1–3]. Thus, the employ of textiles with antimicrobial functionality has
expanded up to unexpected rates. This market was estimated at USD 10.7 billion in
2021 and was projected to reach a 50% increase by 2026 at a compound annual growth rate
(CAGR) of 6.5% in the same interval [4].

Subsequently, the scientific literature recorded an increase in the number of articles
reporting on antimicrobial textiles and their specific finishing, reagents, and processing.
A bibliometric analysis indicated in 2021 a number of publications of 534 articles per
year [5], but the domain is very active and the rapid progress is abundantly documented by
the most recent literature reports, which also illustrate the variety of new features connected
to the subject [6–25].

Furthermore, recent surveys confirmed this trend. For example, data from the Web of
Science Core Collection confirmed a number of 50 review articles published in the interval
2018–2023 on topics considered relevant for this manuscript. Moreover, a significant number

Textiles 2023, 3, 219–245. https://doi.org/10.3390/textiles3020015 https://www.mdpi.com/journal/textiles4



Textiles 2023, 3 220

of patents—245—has been reported in the interval 2018–2023 (https://patents.google.com;
accessed on 26 April 2023). Some of these data are illustrated in Figures 1 and 2, where the
selection criteria are given in the legend.
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First and foremost, textiles with antimicrobial finishing have to comply with several
requirements: prevent, control, and/or eliminate microbial infestation, growth, and cross-
infection over a wide spectrum; reduce odor, prevent staining, and maintain freshness for
long intervals; must be stable, safe, durable, and reusable (in certain applications) [26].
Considering their antimicrobial effectiveness and the mechanism of action, as well as
their toxicity versus tolerance, nature of fibers, and durability, textiles with antimicrobial
functionality may be divided into several classes [18]:

- biostats, biocides (antibacterial, antifungal, antiviral), barriers, and antibiofilm;
- textiles with bound or leaching antimicrobial finishing;
- textiles made of natural (cotton, wool, silk, linen) or synthetic fibers (PP, PE, PES) or

blends (cotton/elastane, cotton/PES, wool/acrylic);
- textiles able to release compounds with biologic activity;
- wearable and washing resistant.

Commonly, microorganisms are divided into different classes: bacteria, archaea, pro-
tozoa, algae, fungi, viruses, and multicellular animal parasites [27]. They have distinct
features; most of them do not negatively interfere with human biota, but some can be
or become pathogenic when certain favorable conditions are met. Bacteria are mainly
divided into Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli).
Other pathogenic bacteria (Plasmodium malariae, Mycobacterium tuberculosis, Clostridium
tetani, Corynebacterium diphtheriae, Treponema pallidum), fungi (Cryptococcus neoformans, Can-
dida auris, Aspergillus fumigatus, Candida albicans, Candida glabrata), and viruses (Ebola,
herpes, hantavirus, papillomavirus, HIV, COVID-19) of particular concern have been used
to evaluate the level of performance of antimicrobial textiles.
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The present review surveyed some of the most recent and relevant papers in the field
of highly specialized textiles with acquired antimicrobial functionality. This allowed the
identification not only of new trends and advances, but also of challenges in the field,
mainly when it came to the use of high-tech processing methods, variety of applications,
employ of complex formulations which include several antimicrobial agents that act in
synergy, manufacture of multitask antimicrobial textiles, safety, and environmental risks.

1.2. Processing Techniques

Textiles with antimicrobial functionality are materials of high interest; therefore, their
processing is a key factor in their activity and stability. Padding, spraying, grafting, and
cross-linking are some of the most relevant techniques. However, the development of
biocide/biostatic textiles made of synthetic fibers has allowed new methods, such as com-
pounding extrusion and melt blending [28,29]. At the same time, the employ of colloidal
solutions, plasma treatments, magnetron sputtering, sol–gel processes, microencapsulation
techniques, or even in situ formation/growth of different antimicrobials onto textile sup-
ports are modern processing methods that grant textiles enhanced activity and stability [28].

Coating is one of the most popular procedures and is suitable for both yarns and
fabrics, natural and synthetic fibers, knitted, woven, and nonwoven textiles. Direct coating
can be achieved by knife, roller, or calendaring, and the finishing must be viscous in order to
form a satisfactory coating. The spray-coating technique uses an airbrush and the finishing

6
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solution must be less viscous. The method may be applied to nanoparticles deposition
as well [30].

The exhaust method was “imported” from dyeing processing and comprises the
transfer of the active reagent from a batch to the textile substrate, sometimes in the presence
of a binder, and a curing stage is required to stabilize the coating. Thiazole-derived reagents
have been successfully applied by this method to textiles which subsequently exhibited
high effectiveness against Gram-positive and Gram-negative bacteria [31].

The pad–dry–cure approach, also known as the mechanical thermal fixation or padding,
is suitable for micro- and nanoparticulate coating materials with low or no affinity toward
the textile substrate. The thermal treatment must be short (1–5 min) and at high tempera-
tures (100–150 ◦C) in order to reach an appropriate cross-linking degree (thermal fixation).
The method is simple and effective [28].

Textile substrates may be submitted to different methods of surface modification in
order to achieve better compatibility with the antimicrobial finishing reagents. Plasma
techniques, microencapsulation and ultrasound methods are among the most employed.

Plasma treatments are highly effective and environmentally friendly, despite their
drawbacks (high-energy-consuming process, expensive equipment), and are used to
clean/etch or create new functional groups onto textile surfaces, to deposit thin films
of nanometric thickness, or even grow nanoparticles in situ. The possibility to limit the
in-depth alteration of the support is considered the main advantage of this method because
it prevents the alteration of the bulk properties of the textile [21,32]. Plasma grafting and
polymerization can be applied to a wide range of antimicrobial finishing reagents (quater-
nary ammonium salts derivatives, dichlorophenol, triclosan, chitosan, guanidine-based
compounds, metal and metal oxides nanoparticles) when natural, synthetic, or blended
textiles are used as support [21]. Plasma and magnetron sputtering were preferred for
metals and metal oxides nanoparticles deposition (Ag, Ti, Cu) onto different substrates
when stable coatings were obtained [9,33,34]. Moreover, it was recently reported that
the emergence of highly effective antiviral textiles for personal protective equipment was
favored by the employ of plasma processing [35,36].

The microencapsulation technique is a modern method used to manufacture antimi-
crobial textiles, having the advantage that the core is protected and thus the degradation
under the action of external factors is prevented. Moreover, the microcapsules are stable
and safe to handle and apply to the textile support [37,38]. The approach is preferred when
natural and naturally derived compounds are used as antimicrobial finishing reagents.
It can be achieved by chemical (in situ polymerization in oil-in-water emulsion; interfa-
cial polymerization) and physico–chemical (coacervation, molecular inclusion complexes)
methods, and the obtained coatings are resistant to friction, sunlight, washing, and wet/dry
cleaning [39].

Nanotechnology is also employed in the manufacture of antimicrobial textiles in
various manners. The sol–gel method is a wet chemical procedure and uses colloidal
solutions of monomers as precursor to form an interpenetrated network with the textile
support or to deposit particles onto the textile surface [28,40]. Metals and metal oxides can
also be applied onto textiles by this method, as in the case of titanium dioxide and zinc
oxide nanoparticles used for coating fabrics able to prevent the spreading of nosocomial
infections [41] or for textiles with antibacterial activity and self-cleaning properties [42].
Cotton, wool, and silk fabrics are suitable for this method and a wise selection of reagents
for the sol phase can impart in the end a multiple functionality to the textiles, alongside
their biocide activity [28].

In situ synthesis of nanoparticles has the advantage of nanoparticles deposited di-
rectly onto the textile support, rather homogeneously, without binders or stabilizers, thus
significantly reducing the waste and pollution (and the safety and environmental risks,
respectively) and increasing the stability of deposition. Metals and metal oxides (Ag, ZnO,
Fe, Au) are mostly used for this technique applied to natural or synthetic textiles [1,28,43].
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Highly specialized fibers with antimicrobial activity have been successfully obtained by
electrospinning, a modern technique that allows materials made of biopolymers or synthetic
polymers, with fibrous/porous morphology, and having tailored biocide properties [44,45].

In the following, some new trends and advances in the field of highly specialized
textiles with antimicrobial functionality are presented, as illustrated by recent reports.

2. Synthetic Antimicrobial Agents for Textile Finishing

Antimicrobials encompass a large variety of chemical compounds and physical agents
that act on microbes (bacteria, fungi, viruses, protozoa) in general. They are used to kill
bacteria or to prevent their development. However, many of them exhibit some serious
drawbacks that restrict or prohibit their use, such as the emergence of resistance developed
shortly after their introduction, and undesired side effects. At the same time, chemical
biocides are potentially harmful substances for the environment and human health if not
handled or processed properly.

N-halamine compounds are organic biocides capable of killing microorganisms with-
out releasing free oxidative halogen until they come into contact with microorganisms.
They present efficiency against a broad spectrum of microorganisms, long-term stability,
non–toxicity to humans, regenerability upon exposure to aqueous free chlorine solutions,
and excellent biocompatibility. In addition, microorganisms do not develop resistance
to this class of antimicrobials. The surface of the materials influences the antibacterial
mechanism of N-halamines and has an important role in their antibacterial effectiveness.
A large number of places of contact with bacteria increases the inactivation rate and is
favored by a larger surface area.

N-halamine biocides have been used in different applications such as water filtration
systems, disinfectants in pools, textiles, and medical devices [46]. N-halamines and some
other synthetic compounds, such as quaternary ammonium compounds, polyhexamethy-
lene biguanide, and triclosan, have been applied for antimicrobial treatment of textiles.
Antimicrobial fabrics have found different applications in pharmaceutical, medical, en-
gineering, agricultural, and food industries [47,48]. The N-halamine-treated fabrics can
be rendered as having excellent antimicrobial activity through a bleaching process and
can inactivate a broad spectrum of microorganisms, including Gram-negative and Gram-
positive bacteria, in relatively short contact times. When the oxidative halogen is consumed,
textiles modified with N-halamines regain their antimicrobial properties by exposing them
to diluted household bleach. However, the practical application of N-halamines involves
some disadvantages. For example, the cost of the treatment increases in the case of the use
of organic solvents necessary to dissolve some N-halamine derivatives, which also presents
safety risks.

As surfactants, quaternary ammonium compounds concentrate at the interface be-
tween the lipid-containing bacterial cell membrane and the surrounding aqueous envi-
ronment. There are two types of interaction between quaternary ammonium salts and
microbes: a polar interaction, occurring by cationic nitrogen, and a non–polar one, at-
tributed to the hydrophobic chain. The cationic ammonium group can interact with the
negatively charged cell membrane of bacteria. This attraction force induces the generation
of a surfactant–microbe complex which can interrupt the activity of proteins, including all
of the important functions in the cell membrane and even bacterial DNA. Furthermore,
hydrophobic groups can penetrate into the microorganism and cancel all of the key cell
functions. Increasing the length of the alkyl chain results in increasing the antibacterial
activity of quaternary ammonium salts [49].

Quaternary ammonium compounds have no effectiveness against difficult-to-kill non–
enveloped viruses. Among the extremely effective disinfectants with a wide spectrum and
short contact times (3–5 min), we can count the formulations with low alcohol content used
against bacteria, enveloped viruses, pathogenic fungi, and mycobacteria. Disinfectants
based on quaternary ammonium salts with the addition of alcohol or solvents bring about
a much faster drying of the products on the applied surface, which results in an ineffective
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or incomplete disinfection. In addition, quaternary ammonium compounds kill algae and
are used in industrial water systems to counteract unwanted biological growth. Cetrim-
ide (alkyltrimethylammonium bromide) and benzalkonium chloride have antibacterial,
antifungal, and antiviral (enveloped viruses) properties and can be applied to the skin
or mucous membranes to avoid or minimize the risk of infection. Hard water, anionic
detergents, and organic matter reduce the activity of these disinfectants based on quater-
nary ammonium salts, which is a disadvantage. Moreover, Pseudomonas can metabolize
cetrimide, using it as a carbon, nitrogen, and energy source.

Triclosan has antiseptic and disinfectant properties and a significant action against
Gram-negative and Gram-positive bacteria. The acaricide benzyl benzoate in its structure
accounts for protection against mites and it is used in acaricide (spray or powder) formulas,
and for the treatment of scabies as a solution (25% concentration). Triclosan has been widely
used in a large number of consumer products, such as cosmetics, toothpastes, deodorants,
soaps, toys, and surgical cleaning treatments, based on its non-toxicity and antibacterial
properties. Although triclosan is not considered to be as toxic as other pollutants, its
occurrence in wastewaters, biosolids, and aquatic and terrestrial environments remains a
concern. Furthermore, triclosan exhibits certain physicochemical characteristics that make
it difficult to remove from the environment. There are studies that attribute some harmful
health effects to triclosan, such as skin irritation, hormonal disruption, interference with
muscle function, and contribution to antibacterial resistance [50].

Chlorhexidine has a cationic molecular component that attaches to negatively charged
cell membrane area and causes cell lysis. As an antiseptic, chlorhexidine is used as a
mouth rinse and endodontic irrigant due to long-lasting antimicrobial effect attributed
to its binding to hydroxyapatite. It is commonly held that chlorhexidine would be less
caustic than sodium hypochlorite. Similar to sodium hypochlorite, heating chlorhexidine
in low concentration increases its local efficacy in the root canal system and maintains low
systemic toxicity. Chlorhexidine presents drawbacks, such as its incapacity to dissolve
necrotic tissue remnants and chemically clean the canal system, and lower effectiveness on
Gram-negative than on Gram-positive bacteria [51].

Common antimicrobial agents are prepared from natural or low-molecular-weight
compounds. Due to biocidal diffusion, they present toxicity to the human body. In addition,
they are easily susceptible to resistance and can lead to environmental contamination. An-
timicrobial polymeric materials can overcome these problems by promoting antimicrobial
efficiency and reducing residual toxicity. Moreover, antimicrobial polymers exhibit chemi-
cal stability, non–volatility, and long-term activity. Polymers containing covalently linked
antimicrobial moieties avoid the penetration of low-molecular-weight biocides from the
polymer matrices, unlike antimicrobial polymers obtained by physical methods (trapping
or coating of organic and/or inorganic active agents during or after processing). These
antimicrobial polymers are environmentally friendly and show durability over time. The
most studied antimicrobial polymeric materials, and probably the most used, are those
based on quaternary ammonium and/or phosphonium salts [52]. In addition, polymeric
N-halamines with or without reactive functional groups were used to coat different fabrics
by various approaches [49].

During the last two decades, synthetic (co)polymers have been designed to mimic
the prominent physio–chemical characteristics of host defense peptides. Although these
polymers have revealed a broad-spectrum antimicrobial activity, rapid bactericidal kinet-
ics, and a very low propensity to induce resistance, none of them has been currently in
clinical trials [53]. The schematic reaction mechanism of passive and active action of the
antimicrobial polymers is presented in Scheme 1.
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Scheme 1. The mechanism of action of antimicrobial polymers.

Concerning the conducting polymers, namely, polyaniline, polypyrrole, and polythio-
phene, their biomedical applications have not been well studied even though they have
good antimicrobial activity. This limitation may be dampered by the preparation of polymer
blends and nanocomposites with different (bio)polymers and nanomaterials, respectively,
to achieve the desirable biocompatibility and physicochemical properties [54]. Table 1
summarizes the most relevant antimicrobial agents presented above, their applications,
and mechanism of action, and Scheme 2 illustrates the chemical structures of the most
important antibacterial compounds.

Table 1. Synthetic antimicrobial products, their applications, and mode of action.

Antimicrobial Agent Properties and Applications Antimicrobial Mechanism Ref.

Quaternary ammonium
compounds

Polymeric materials having
onium salts (quaternary

ammonium and/or
phosphonium salts)

Quaternary ammonium
polyethylenimine

- Healthcare, household products, surface
preservation, food industry,
pharmaceutical/cosmetic (preservation)
- Highly effective as antimicrobial agents in
orthodontic cements to introduce antibacterial
activity toward S. mutants and L. casei

The long, lipophilic alkyl chain of
the quaternary ammonium
compounds perforates cell

membranes, and produces the
release of cytoplasmic

components, autolysis and cell
death of the microbial strain

[52,55–59]

Halogenated phenols
Triclosan

- Antiseptic, disinfectant, fungicide, pesticide,
antimicrobial, antiseptic, preservative
- Antimicrobial activity against many types of
Gram-positive and Gram-negative non-
spore-forming bacteria, some fungi
- Clinical settings, consumer products
(cosmetics, cleaning products, paint, plastic
materials, toys)
- Durable antifungal finishing of cotton fabrics

Inhibits the active site of
enoyl-acyl carrier protein

reductase enzyme, which is
essential to the fatty acids

synthesis of bacteria and the
building of the cell membrane

[10,58,60,61]
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Table 1. Cont.

Antimicrobial Agent Properties and Applications Antimicrobial Mechanism Ref.

Chlorhexidine
Hexametaphosphate salt of

chlorhexidine (as
nanoparticles)

Polyhexamethylene
biguanide (PHMB)

- Preoperative skin cleansing preparations,
hand disinfectants, and oral mouth rinses
- Efficient antimicrobial agent against
gram-negative and -positive bacteria
and yeasts.
- Biomedical materials and consumer products
- Antimicrobial efficacy against MRSA and
P. aeruginosa, in both planktonic and biofilm
growth conditions
- Healthcare uniforms
- Nonspecific antimicrobial properties and
remained efficient (>99% against S. aureus and
K. pneumoniae) after use for 5 months

Chlorhexidine inhibits
membrane-bound ATPase, based
on cell membrane disruption and

leakage of intracellular
constituents, a rapid process with

most damage occurring within
20 s of exposure

The positively charged
biguanidines bind to negatively
charged phosphate group of the

bacterial cell wall or virus
envelope, breaking the

membrane integrity, which leads
to cell lysis and subsequent cell

death

[25,62–64]

N-halamines

- Antimicrobial activity against a broad
spectrum of microorganisms, rechargeability,
nontoxicity to humans
- Medical devices, water purification, hospitals,
antibacterial modification of cotton fabrics
- Antimicrobial activity against
aerosolized bacteria
- Air filtration technology
- Biocidal properties against S. aureus and E. coli
- Food packaging and biomedical applications

The direct transfer of oxidative
halogens to a cell after contact

resulting in oxidation of the
amino acids in the cell membrane

and inactivation the
microorganism

[46,49,65–68]

5,5-dimethylhydantoin Cotton fabric with regenerable antibacterial
properties against S. aureus

Coating dimethylhydantoin on
cotton fabric (by

pad–dry–plasma–cure process)
followed by chlorination inhibits

the bacteria

[69]

Cinnamic acid derivatives Pharmacological, antifungal, and
antibacterial action

Plasma membrane disruption,
nucleic acid and protein damage,
and the induction of intracellular

reactive oxygen species

[70–72]

Polyaniline and its
derivatives

- Bacteria-resistant surfaces against S. aureus
and E. coli
- Wall and room-door coatings in hospitals

Different oxidation states of
polyaniline and presence of

functional groups
[73]

Polypyrrole (nanoparticles) Antimicrobial treatment against S. aureus and
E. coli of polyester fabrics

The positive charges (=NH+) in
the polypyrrole backbone that are

created by dopant compounds
[74,75]

Polythiophenes
Antimicrobial compounds able to kill bacteria
selectively by damaging negatively charged
cell envelopes

Cationic charges with capacity to
create huge amounts of singlet

oxygen that interact with
organism

[76]
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3. Natural Compounds with Biocide Activity Applied to Antimicrobial Textiles

Natural compounds are best suited to meet the biocidal activity requirements of
textile-based materials and present important specific characteristics, being non–harmful
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in relation to the toxicity issues, environmentally friendly, and renewable. This biocidal
property is manifested towards microorganisms’ inherent presence, namely, bacteria and
fungi, which may cause microbiological destruction of the textile materials. Such issue is
of real significance when applications relying on the use of textile materials derived from
natural fibers are considered. The most sensitive components of the textile materials to the
microbiological action are the cellulose fibers. Some effective biocidal formulations applied
to impart antimicrobial properties to textile materials were recently reviewed [77], with
focus mainly on the natural compounds such as pectin and lignin, which exhibit important
biocidal peculiarities, and the methods which can be employed in order to confer increased
resistance as biocidal effect in relation to textile materials’ applications. Methods employed
in order to apply natural compounds having antimicrobial activity on textile materials are
presented in Scheme 3.

Natural compounds with biocide activity applied for textiles protection are referred
to as biopolymer matrices (such as chitosan, lignin, starch, cyclodextrins, zein, gelatin)
and biological active components extracted from plants (such as essential oils) [18,78–81].
Cellulose-based fibrous scaffolds produced by electrospinning have effectively encap-
sulated cinnamon, lemongrass, and peppermint essential oils and could be very useful
for topical treatments even at low concentration levels due to their significant biocidal
resistance against a Gram-negative bacilli, namely Escherichia coli [82].

Textiles 2023, 3, FOR PEER REVIEW 10 
 

 

in relation to the toxicity issues, environmentally friendly, and renewable. This biocidal 
property is manifested towards microorganisms’ inherent presence, namely, bacteria and 
fungi, which may cause microbiological destruction of the textile materials. Such issue is 
of real significance when applications relying on the use of textile materials derived from 
natural fibers are considered. The most sensitive components of the textile materials to 
the microbiological action are the cellulose fibers. Some effective biocidal formulations 
applied to impart antimicrobial properties to textile materials were recently reviewed 
[77], with focus mainly on the natural compounds such as pectin and lignin, which ex-
hibit important biocidal peculiarities, and the methods which can be employed in order 
to confer increased resistance as biocidal effect in relation to textile materials’ applica-
tions. Methods employed in order to apply natural compounds having antimicrobial ac-
tivity on textile materials are presented in Scheme 3.  

Natural compounds with biocide activity applied for textiles protection are referred 
to as biopolymer matrices (such as chitosan, lignin, starch, cyclodextrins, zein, gelatin) 
and biological active components extracted from plants (such as essential oils) [18,78–81]. 
Cellulose-based fibrous scaffolds produced by electrospinning have effectively encapsu-
lated cinnamon, lemongrass, and peppermint essential oils and could be very useful for 
topical treatments even at low concentration levels due to their significant biocidal re-
sistance against a Gram-negative bacilli, namely Escherichia coli [82]. 

 
Scheme 3. Some of the usual methods employed for application of natural compounds with anti-
microbial activity to textile materials [83]. 

Natural-fibers-based fabrics present valuable enhanced properties through applica-
tion of natural compounds for their functional finishing, including [18,77,82,84]: 
- UV protection properties (conferred by using lignin extracts, natural dye extracts); 
- Antioxidant properties (conferred by using natural dye extracts); 
- Antimicrobial properties (conferred by using chitosan, lignin, cyclodextrins, essen-

tial oils). 
Generally, the natural compounds, polysaccharides and oligosaccharides, employed 

for the antimicrobial finishing of textiles (chitosan, starch, cyclodextrins), as well as lig-
nin, are largely abundant as environmentally friendly waste products [85]. 

Chitosan modified with hinokitiol (a natural monoterpenoid, namely, a tropolone 
derivative, found in the wood of trees in the family Cupressaceae) is a natural product with 
very good prospective as antibacterial agent for textiles. The treated cotton fabric exhib-
ited good antibacterial properties while maintaining its initial properties such as hy-
drophilicity, handle, and strength [86]. Significant antibacterial properties were also 

Scheme 3. Some of the usual methods employed for application of natural compounds with antimi-
crobial activity to textile materials [83].

Natural-fibers-based fabrics present valuable enhanced properties through application
of natural compounds for their functional finishing, including [18,77,82,84]:

- UV protection properties (conferred by using lignin extracts, natural dye extracts);
- Antioxidant properties (conferred by using natural dye extracts);
- Antimicrobial properties (conferred by using chitosan, lignin, cyclodextrins, essential oils).

Generally, the natural compounds, polysaccharides and oligosaccharides, employed
for the antimicrobial finishing of textiles (chitosan, starch, cyclodextrins), as well as lignin,
are largely abundant as environmentally friendly waste products [85].

Chitosan modified with hinokitiol (a natural monoterpenoid, namely, a tropolone
derivative, found in the wood of trees in the family Cupressaceae) is a natural product with
very good prospective as antibacterial agent for textiles. The treated cotton fabric exhibited
good antibacterial properties while maintaining its initial properties such as hydrophilicity,
handle, and strength [86]. Significant antibacterial properties were also conferred to cotton
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fabrics when using Aloe vera gel for finishing, with the bacterial growth being strongly
inhibited [87].

In the following, aspects referring to some biopolymer matrices usually applied for
textiles finishing and protection are considered.

3.1. Chitosan

Chitosan, a cationic polysaccharide originating from crustaceans and fungi, is obtained
by alkaline deacetylation of chitin. Its valuable advantages for adding functionalities to the
textile surfaces finishing include biocompatibility, biodegradability, and properties such
as antimicrobial, antistatic, nontoxicity, chelating ability, deodorizing, film-forming ability,
reactivity in chemical media, presence of ionizable groups, dyeing enhancement, efficacy
of cost, thickening ability, and wound alleviation [85,88]. Application of chitosan under
hydrogel form on cellulosic fabric conferred antibacterial resistance against bacteria strains
such as Staphylococcus aureus, Escherichia coli, and Listeria monocytogenes [89].

The poor binding ability of chitosan with the fibers from textile materials is usu-
ally addressed by employment of various cross-linking agents which grant an improved
antimicrobial activity. Mostly used and safer agents are:

- 1,2,3,4-butanetetracarboxylic acid (BTCA) and citric acid (CA), when cellulose fibers
are considered;

- organic anhydrides, such as succinic and phthalic ones, for grafting chitosan on
wool fabrics;

- citric acid in combination with oxidizing agents having reduced toxicity, such as
potassium permanganate and sodium hypophosphite, for an effective cross-linking
between chitosan and textile substrates—cotton cellulose, wool fabrics).

The application of chitosan on textiles by UV radical curing is also a feasible innocuous
methodology for yielding fabrics with finishes having lasting microbial resistance [90].

3.2. Lignin

Lignin, a dark-colored phenolic compound provides resistance against microbial attack
in lignocellulose resources (plants and trees). It is generally separated during the processing
(delignification or pulping process) when cellulose fibers are obtained. Lignocellulose
resources mainly comprise biopolymers with resistance against microorganisms, cellulose
and lignin; therefore, these materials can have antimicrobial potential [91].

A coating formulation using lignin extracts derived from sugarcane bagasse was
proved to impart good antibacterial activity against Staphylococcus epidermidis to the textile
support, and the effect was manifest by the reduction of the inherent formation of bacteria
onto the textile sample [92,93].

3.3. Cyclodextrins

Cyclodextrins (CDs) are a family of water-soluble cyclic oligosaccharides having two
components, one hydrophilic (outer surface) and one lipophilic (central cavity). They are
produced during enzymatic conversion of the starch by the enzyme, namely cyclodextrin
glycosyltransferase. CDs are composed of alpha-1,4-linked glucopyranosides subunits, and
the most commonly available types are α-CD (6 moieties), β-CD (8 moieties)—the most
used in research studies, and γ-CD (10 moieties).

The main advantages of using CDs in different applications [85] include eco-friendly
character, ability to form inclusion complexes, insecticides carrier ability, fragrances slow-
releasing ability, solubilization ability, facile production, efficacy of cost, ability for chelation,
and drug-delivery ability. Application of cyclodextrins in textile functional finishing
can effectively aid properties such as antimicrobial, fragrance, and dyeing (CDs act as
encapsulating, dispersing, and leveling agents) [94].

Feasible interactions between β-CD and some textile fibers include ionic interactions
(for wool fibers), covalent bonds, cross-linking agents, and graft polymerization (for both
cotton and wool fibers). CDs can impart better UV protection and odor reduction through
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complexing and controlled releasing of different fragrances (perfumes, aromas), substances
with therapeutical effects or “skincare-active” compounds (vitamins, caffeine, menthol), as
well as bioactive agents (biocides, insecticides—mosquito repellents).

A significant application of CDs for various textile materials finishing is represented
by water and soil remediation and catalysis (e.g., adsorption of small pollutants from
waste waters and polluted soil) when such fabrics act as effective selective filters—so-called
“preparation of textile nanosponges” [95]. Last, but not the least, CDs have an essential
contribution as guest molecules employed in antimicrobial textile modifications by grafting
using citric acid as cross-linker in the presence of sodium hypophosphite when a most
efficient, lasting antibacterial textile having a pleasurable fragrance was obtained [96].

Improvement in the grafting yield of the cyclodextrin derivative monochlorotriazinyl-
β-cyclodextrin (MCT-β-CD) on organic cotton was attained by previously applying a
biopolishing procedure, a cellulase enzyme treatment of the textile substrate [97]. An
enhanced antibacterial activity and improved durability (upon repeated washing pro-
cess) for the MCT-β-CD grafted enzymatic treated organic cotton were imparted through
incorporation of thymol.

A recent report [98] presented the ability of β-CDs to form complexes with essential
oils, and the application of β-CD nano/microcapsules to produce aromatic textiles with
focus on the various assembly methods of these aromatic β-CD nano/microcapsules by
incorporation of essential oils, as well as on the large range of methodologies employed for
the production of such textiles with aromatic character.

3.4. Sericin

Sericin is a natural protein derived from silk worm, Bombyx mori, with important
characteristics being biocompatible, biodegradable, UV-resistant, oxidative-resistant, good
moisture retention receptor, antibacterial, prone to gelling, and adherent [85]. The action
against microbes in testing resistance of cotton fabric against bacterial strains, namely
Escherichia coli and Staphylococcus aureus, was enhanced after applying a sericin-based
coating [99].

4. Metal and Metal Oxide Nanoparticles

The associations of fibers and textile materials with metal stripes, wires, or plates
made of gold, silver, copper, or their alloys have been used in artworks and luxury objects
since ancient times [100]. Later on, the progress in both metal and textile processing also
led to practical uses, starting with protective/strengthened items and, more recently, to
multilayered and composite textiles with an extended range of engineered functionalities,
from stimuli-responsive clothes and devices to medicine and electronics [101–103].

This evolution was highly enhanced in the last decades by the significant advances
made in the field of nanotechnologies, polymer nanocomposites, and nanosized inorganic
particles. In this regard, a major breakthrough in healthcare and medical tools was the
successful integration of metal and metal oxide nanoparticles within a large spectrum of
natural and synthetic fibers, yarns, and fabrics, otherwise prone to microbial colonization
and conveyance, to impart their antibiotic and even antiviral properties. Additional ben-
efits consist of increased resilience at discoloration, decay, and odor formation [104–107].
Unlike other inorganics, such as clays, graphene, or carbon nanotubes, which, rather, pas-
sivate the textile host, metal-based nanoparticles also act as biocides through the active
release of metal ions that compromise the cell membrane and subsequently the cytoplas-
mic metabolism in a cascade of events driven by enhanced free radical formation and
biomolecule conjugation [108]. A generally accepted mechanism of action is depicted in
Figure 3.
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Figure 3. The main mechanisms of action exhibited by metal and metal oxide nanoparticles as
antimicrobial active agents.

However, despite the fact that various effects against a plethora of microbial and viral
types and strains are frequently reported and reviewed, specific mechanisms, targets, and
taxonomies are still far from a complete elucidation [109–116].

The most studied and used to date for textile modification are silver and copper oxide
nanoparticles, which are considered to be the most effective antimicrobial agents, followed
by zinc oxide and titanium dioxide (Tables 2–5). Other metals and metal oxides are also
applied; however, to a lesser extent [117]. The application of other potential metal-based
nanoparticles may be limited either by price (gold) or facile surface oxidation (copper),
or is prohibited due to their higher toxicity to humans and environment, as in the case of
chromium and nickel. It must be mentioned that a high number of heavy metal species,
including copper, zinc, and titanium salts and complexes, could be present in traces to
sizeable amounts within the unmodified textile materials, originating from raw materials
and processing, but especially from the dyeing steps, which may interfere with the further
added nanoparticles [118,119].
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Table 2. Examples of textile modification with silver nanoparticles (AgNPs).

Fiber/Textile
Type Preparation Morphology/Content Microbial Strains Applicative

Characteristics Refs.

Plain weave
100% bleached
organic cotton

fabric

Dip and dry coating

49.23 mg/kg,
73.28 mg/kg; eventually

embedded in
alginate matrix

Gram-positive
Staphylococcus aureus
ATCC 6538/Gram-
negative Escherichia
coli ATCC 873937

Antibacterial and UV
protection; superior

coloration effect; leakage
of about

2.04 mg/kg/cycle
during first fifteenth

washing cycle

[120]

Brown cotton
fiber

In situ one-step
process under

heating

8−21 nm spherical
particles; 12.8 µg/kg

weight fraction
formation of Ag NPs

Gram-positive
Staphylococcus aureus
ATCC 6538/Gram-

negative
Pseudomonas

aeruginosa ATCC
9027

Stable antibacterial
activity for 50 cycles
of laundering; good
dispersion; potential

applications in
sportswear,

underwear, and medical
textiles

[121]

Commercial
polyamide
6,6 fabric

PVP-AgNP
dispersions

deposited on
PA66 with/without

DBD plasma
pretreatment

20 nm PVP-AgNP
colloids

Gram-positive
Staphylococcus aureus
ATCC 6538/Gram-
negative Escherichia

coli ATCC 25922

Plasma-treated
polyamide fabric

maintains antimicrobial
activity even at very low
Ag concentration after

five washing cycles

[122]

Cellulosic/cotton
fabrics

Photochemical
reduction in

Na–CMC solutions

2–8 nm/5–35 nm
spherical polydis-

perse/monodisperse
nanoparticles

Staphylococcus
epidermidis/Candida

albicans

Antifungal effect;
prevents odor formation [123]

Polyamide
6 fibers

Electroless plating
method; fibers

pretreated with a
dopamine/CuSO4/

H2O2 system

Average particle size of
223 nm; surface
continuous and
compact silver

layer

Escherichia coli
AATCC

11229/Staphylococ-
cus aureus AATCC

6538

Antimicrobial
efficiency of 99.9% and
100% against E. coli and

S. aureus decrease to
83.5% and 87.9%,
respectively after

1 h/2 h of ultrasonic
washing; potential use

as antibacte-
rial/conductive

textiles

[124]

Commercial
prewashed PES

fabric

Spray coating of PES
with layers of

chitosan or HMDSO
before

and after AgNP
deposition

Quasi-spherical particles
of 20–30 nm with
relative uniform

distribution

Staphylococcus
aureus/Escherichia

coli

Fast and cost-effective
method; controlled

release of silver;
antimicrobial effect

reduced by washing;
applications in medical

textiles

[23]

Reusable and
single use face

masks

Testing of
commercial face

masks from a
safe-by-design

perspective

Silver detected in both
the external and the
internal layer under

both ionic and
nanoparticulate form;
mostly near-spherical

particles of 13 to 155 nm

viral pathogens

Evaluation of content,
type and in situ
localization of

silver-based biocides
face; safety of

silver-containing masks

[125]
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Table 2. Cont.

Fiber/Textile
Type Preparation Morphology/Content Microbial Strains Applicative

Characteristics Refs.

Scoured and
bleached 100%
cotton fabric of

plain weave
structure

In situ
deposition of Ag
nanoparticles on

cotton fabrics
premodified with

dopamine

Medium size of
33–43 nm

Staphylococcus
aureus/Escherichia

coli

Dopamine is effective in
nanoparticles

immobilization; ~98%
remanent activity after

twenty wash cycles

[126]

Na–CMC: sodium–carboxymethylcellulose. DBD: dielectric barrier discharge. PVP: poly(N-vinylpyrrolidone).

Table 3. Examples of textile modification with copper oxides nanoparticles (CuO NPs).

Fiber/Textile
Type Preparation Morphology/Content Microbial Strains Applicative

Characteristics Refs.

Bleached and
mercerized

cotton
fabric (100%)

Pure and hybrid
CuO/colloidal

chitosan nanosol
sonochemically

prepared; cotton
coating by

pad–dry–cure method

Spherical morphology
with irregular formation;

medium size of 58 nm

Staphylococcus
aureus/Escherichia

coli

Improved antibacterial
activity for hybrid

coatings after ten wash
cycles

[127]

Fine–medium-
weight 100%
cotton woven

fabric

Ex situ by wet
chemical method/

pad–dry–cure method

Spherical shape; size of
60–75 nm

Staphylococcus
aureus/Escherichia

coli

Antimicrobial activity
decreases at laundering

(S. aureus:
74.36%/12.05% after
10/20 cycles; E. coli:
69.54%/9.85% after

10/20 cycles washes;
potential healthcare and

hygiene uses

[128]

Cotton fabrics
Green synthesis

with R. tuberosa leaf
extract

Polydisperse nanorods
ranging from 20 to

100 nm

Staphylococcus aureus;
Escherichia coli;

Klebsiella
pneumoniae

Prevention of fabrics
microbial damage;
bioremediation of

industrial dyes

[129]

Polyester/cotton
65/35 blend

fabric
(PES/CO)

In situ impregnation
by the pad–dry/pad–
dry/pad–thermofix

process

Sizes of about 3 nm and
20 nm

antiviral species:
SARS-CoV-
2_COV2019

ITALY/INMI1 and
Human Corona

Virus 229E strain
ATCC VR-740;

Escherichia coli ATCC
25922 strains

99.93%; 99.96%
inactivation efficiency
(30; 60 min exposure)
against SARS-CoV-2;

99% efficiency on E. coli
growth after 20 wash
cycles; reusable face

masks with
antiviral/antibacterial

properties and reduced
environmental
contamination

[130]

70% cotton and
30% polyester
mixed textiles

In situ and ex situ
green and chemical

syntheses

Green route: spherical
morphology with sizes

of 2.4 ± 0.5 nm;
chemical route: no

defined geometry with
average size of

75 ± 28 nm

E. coli ATCC No.
8739/S. aureus ATCC

No. 6538 bacteria;
Aspergillus brasiliensis

ATCC No. 16
404 fungus

In situ method and
734 ppm Cu2O gives

better antifungal effects;
high potential against

aspergillosis

[131]
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Table 3. Cont.

Fiber/Textile
Type Preparation Morphology/Content Microbial Strains Applicative

Characteristics Refs.

Rolls of cotton,
plain

unbleached
woven cotton

In situ sonochemical
method; “throwing the

stones” (TTS)
technology with

preformed colloids
and ultrasound
impregnation

Homogeneous layer of
~40 nm nanoparticles on
cotton fibers (0.9% w/w

CuO)

HDF/HepG2 cells

Low toxicity (>95% HDF
cell viability);

nanoparticles do not
penetrate the skin

barrier; potential uses as
antimicrobial fabrics for
bed sheets, curtains, and

laboratory coats

[132]

100% cotton
fabric

In situ by exhaust
dyeing method

Small nanoparticles of
different sizes and
shapes randomly

distributed on fiber
surfaces

Escherichia coli

Still efficient after
20 washes, could be an

economic alternative for
antimicrobial textiles

[133]

Fabric samples

CuO biosynthesis with
Aspergillus terreus
strain AF-1; ex situ

pad–dry–cure method

Homogeneous
distributions of

spherical, 11–47 nm
nanoparticles; 6.1%

elemental composition

Bacillus subtilis ATCC
6633, Staphylococcus
aureus ATCC 6538,

Escherichia coli ATCC
8739, and

Pseudomonas
aeruginosa ATCC

9027

Green synthesis;
potential uses in
healthcare and

hygiene products

[134]

Cotton fabric

Plasma pretreated
cotton fabric; ex situ

coating by
pad–dry–cure method

Fabric roughness
gradually rises with
increases in plasma

treatment time; 40 nm
sized CuO nanoparticles

Bacillus subtilis,
Staphylococcus aureus,

Salmonella
typhimurium,

Klebsiella pneumoniae

Potential uses in various
biomedical

applications
[135]

Table 4. Examples of textile modification with zinc oxide nanoparticles (ZnONPs).

Fiber/Textile
Type Preparation Morphology/Content Microbial Strains Applicative

Characteristics Refs.

Bleached
woven cotton
fabric (100%;
144 g/m2)

Single-step
sonoenzymatic process

30–120 nm Zn
nanoparticles

Staphylococcus aureus;
Escherichia coli

Nanoparticles
agglomeration regardless
the enzyme used; 33.4%
Zn retained on fabrics

after ten washing
cycles; potential

antibacterial medical
textiles

[136]

100% plain
woven cotton

fabrics

Plasma pretreated
cotton woven fabric; in

situ, sonochemically

Spherical shape with
20–90 nm diameter Staphylococcus aureus

Stability improves by
cotton fabric

prefunctionalization
with plasma; Zn content
goes from 5.63% to 5.41%
after five washing cycles

[137]

Polyamide 6
(PA),

polyethylene
terephthalate

(PET) and
polypropylene

(PP) textiles

Chemical bath
deposition; washing;

thermal
stabilization;

hydrothermal
formation of

nano/microrods

Irregular needles,
flower-like

agglomerates and
nano/microrods

Escherichia coli;
Staphylococcus aureus

Significant antibacterial
activity, particularly in the

case of PA/ZnO and
Gram-negative bacteria;

potential uses in everyday
life applications

[138]
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Table 4. Cont.

Fiber/Textile
Type Preparation Morphology/Content Microbial Strains Applicative

Characteristics Refs.

100% cotton
yarns and

polyester/cotton
(67/33) blend

yarns

Exhaust–dry–cure
method

Sizes ranging between
30 and 90 nm

Staphylococcus aureus;
Escherichia coli

Antimicrobial efficacy of
samples increases at

blends, higher yarn twists
and lower particle sizes

[139]

100% cellulose
cotton

Pad–dry–cure method
assisted by open-air
plasma modification;
green sonochemically
nanoparticle synthesis
with Psidium guajava
Linn (guava) plant

extract

Hexagonal
nanoparticles

of about 41 nm
agglomerated into

larger clusters

Staphylococcus aureus;
Escherichia coli

Open-air plasma
treatment enhances

nanoparticle adsorption;
self-cleaning activity of

94% after five
washing cycles

[140]

Gray cotton
fabric (100%

cotton) of plain
weave

structure

Pad–dry–cure method
and thermo-fixation
with sonochemically

synthesized ZnO
nanoparticles

Nearly spherical
nanoparticles with an

average size of
40–100 nm; 0.5%, 1%,
and 2% ZnO content

Staphylococcus aureus;
Escherichia coli

86% reduction of
microorganisms after

15 washes; uses as
multifunctional textiles

with antimicrobial,
self-cleaning,

and UV protective
properties

[141]

Table 5. Examples of textile modification with titanium dioxide nanoparticles (TiO2NPs).

Fiber/Textile
Type Preparation Morphology/Content Microbial Strains Applicative

Characteristics Refs.

Polyamide
66 cloth in

plain weave
Pad–dry–cure process 700 nm particles

Aspergillus niger
NRRL-A326 (fun-

gus)/Staphylococcus
aureus ATCC 6538-P
(G+)/Escherichia coli

ATCC 25933
(G)/Candida albicans
ATCC 10231 (yeast)

Hydrophobic;
photocatalytic

self-cleaning activity; UV
protection activity;

potential applications in
air filters, outdoor textiles,

furniture, and medical
textiles

[142]

Nylon
66 knitted

fabrics

Synthesized by sol–gel
method; subsequently

applied by layer by
layer (LBL) technique

Medium size of
40–60 nm; tendency to

aggregation

Staphylococcus aureus
(NCTC

3750)/Escherichia coli
(AATCC-10148)

Potential applications in
optics, biosensing,

separation membranes
and technical textile

[143]

Cotton–
polyester twill
fabric (70–30%)

In situ coating Average diameter size
of 98 nm - UV protective properties [144]

Cotton fabric

Immersion in a
mixture of

perfluorodecyl
triethoxysilane and
TiO2NPs solution

Medium size of 50 nm;
uniform coating E. coli

Water repellency;
self-cleaning; oil–water

separation; stain
resistance; antibacterial

properties

[145]
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Table 5. Cont.

Fiber/Textile
Type Preparation Morphology/Content Microbial Strains Applicative

Characteristics Refs.

Plain woven
cotton

mercerized
fabric

Pad–dry–cure method;
functionalization with

trimethyl[3-
trimethoxysilyl)

propyl] ammonium
chloride to enhance

the affinity

Particles of 30 nm;
4% dried TiO2 NPs by

weight
S. aureus/E. coli

Dye degradation;
antibacterial properties;
multifunctional cotton

fabric for outdoor,
industrial and medical

applications

[146]

Cotton fabrics
lab coat and

indiolino
fabrics

In situ impregnation;
sonochemically,

hydrothermal and
solvothermal synthesis

of TiO2 particles

Homogeneous
distribution on the

cotton fabric surface

Escherichia
coli/Bacillus pumilus

Sonosynthesis with Ti
isopropoxide as precursor
enhances the bactericidal

activity; self-cleaning
properties; potential use

for face masks

[147]

Despite their proven efficiency and specific advantages, the application of metallic and
metal oxide nanoparticles as antimicrobial additives for textile materials should always take
into account their toxicity and environmental impact by leaching and disposal [148–150].
Leaching, furthermore, limits the type and number of uses for a given item, but also exhibits
higher biocidal activity [18,151].

There are basically two methods of producing antimicrobial textiles based on metal and
metal oxides: ex situ and in situ [13,152–154]. Ex situ methods are related to the incorporation
of previously synthesized nanoparticles through direct application to the targeted textile
matrix, commonly by the pad–dry–cure technique, which involves a chain sequence of
immersion into the nanoparticulate colloidal solution followed by pressurization, drying,
and curing. The main drawback of this simple technique, given by the poor adhesion to
the constitutive fibers, which favors nanoparticle leaks, agglomeration, and inhomogeneity,
could be addressed by the addition of carboxylic acids, thiols, or generation of reactive
and negatively charged groups onto the initial fabric surface through chemical or physical
means, cross-linking, as well as by incorporating macromolecular stabilizing agents in
either one or both raw media.

In situ methods suppose the initial adsorption of metal ions at the level of fiber surfaces
followed by their conversion to nanoparticles by chemical reduction or radiation, which
improves the stability and distribution. Before, during, or after nanoparticles formation, the
surface of textile scaffold may be modified in similar ways. As an alternative, nanoparticles
could be also synthesized during polymerization or fiber spinning, followed by processing
into final textile products.

5. Challenges in Antimicrobial Textiles Manufacturing

Antimicrobial textiles have to meet a series of requirements due to their wide range of
applications (hydrophilic/hydrophobic, breathable, safe, nontoxic, resistance to cleaning
cycles, etc.) and one of the most relevant for their purpose is the antimicrobial activity.

Tests for antimicrobial activity are standardized by international organizations and
can be divided into two classes [7,14,155]:

a. qualitative tests—AATCC TM147, AATCC TM30 (American Association of Textile
Chemists and Colorists Test Method), ISO 20645, ISO 11721 (International Organiza-
tion for Standardization) and SN 195920, SN 195921 (Swiss standard);

b. quantitative tests—AATCC TM100, ISO 20743, SN 195924, JIS L 1902 (Japanese
industry standards) and ASTM E 2149 (or its modification) [156].

Qualitative evaluation is fast and simple, based on the formation of an inhibition
area around the tested sample. This does not necessarily mean the sample is biocide, but
that it is only biostatic. Therefore, it is not possible to compare the activity of different
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antimicrobial agents or textiles. Quantitative assessment provides information on the level
of performance, but it can be also used as criterion for the optimization of the finishing
reagent and/or method. It requires more time and is more specific as it relies on the count
of microorganisms. The main drawback of these tests is their high susceptibility to be
contaminated and compromised. Therefore, they are performed under strictly controlled
conditions. At the same time, the lack of a unitary standard, the poor reproducibility, and
the effectiveness of the microbial extraction from samples are factors that affect the tests
accuracy in a negative way. Complementary tests, such as viability tests, colorimetric
analysis, staining, and microscopy, are useful and their results can be corroborated.

Another issue that has to be addressed is the environmental impact of antimicrobial
textiles waste. On one hand, there is the problem of the non-biodegradable textile support
(synthetic polymers), and the most eloquent example is the massive accumulation of pro-
tective masks discarded in nature in the last years. On the other hand, some antimicrobial
reagents used as textile finishing may end up in water biotopes and their accumulation
will negatively affect the natural balance, as in the case of quaternary ammonium salts
and derivatives, and triclosan (half-life in lake water is approximately 10 days and the
degradation products, such as methyl triclosan, are more toxic) [7].

Associated with this issue is the problem of nanoparticles released from the antimi-
crobial textile and which migrate into the human body, where they can accumulate within
various tissues as they can easily penetrate the cell wall barrier. This concern arose along
with the development of nanotechnology and its applications in medicine, healthcare,
pharmaceutics, and cosmetics. For example, clinical studies on the accumulation of silver
nanoparticles in living tissues confirmed its toxicity [157].

Other challenges in antimicrobial textiles that have been already tackled are:

- the use of natural plant fibers with intrinsic antimicrobial activity, raw or modified [158];
- employ of biopolymers with intrinsic antimicrobial activity (i.e., chitosan) as both

support and antimicrobial finishing, and with multiple functionality [159];
- combining various antimicrobial compounds in order to enhance the effect in the

final product; for example, plant extracts and plant-derived molecules with biologic
activity have been encapsulated in chitosan particles that were subsequently used as
antimicrobial finishing for cotton fabrics [160];

- use of complex antimicrobial formulations including metals, metal oxides, and other
nanoparticles (Ag, TiO2, silica), natural compounds (curcumin, Aloe vera), and binders;

- increasing the compatibility between the textile substrate and the antimicrobial finish-
ing in order to achieve materials with enhance stability and wearability;

- a constant concern to maintain the production cost of most of these materials in the
affordable range for the public—this can be achieved through an increased funding of
research, both from public and private funds, and a more active involvement of the
business community in healthcare and environmental protection.

6. Conclusions and Future Trends

The domain of highly specialized textiles with antimicrobial functionality is, without
a doubt, a very active field of research, both theoretically and practically, and a contin-
uously expanding market as a result of the societal demand. The multivalent nature of
the textile substrate (natural fibers, synthetic fibers, blends of natural and synthetic fibers,
biopolymers, natural plant fibers with intrinsic biocide/biostatic activity), the wide variety
of antimicrobial finishing materials (organic synthetic compounds, synthetic polymers,
natural and naturally-derived compounds, metals and metal oxides, raw or functionalized
silica micro- and nanoparticles), the broad range of processing techniques (coating, microen-
capsulation, grafting and copolymerization, plasma processing, electrospinning, sol–gel
methods, etc.) and applications (biocides/biostatics, antibacterial, antifungal, antiviral,
water and air filtration media, protective personal clothing and masks, sports- and footwear,
upholstery, hospital beddings, wound dressings, etc.) are factors that clearly illustrate the
complexity of this domain. At the same time, each and every one of them can become a
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driving force orienting the research toward new frontiers, as presented in this paper using
some of the most recent advances reported in the literature.

New trends have already emerged. One major advance is represented by the highly
specialized textiles with antiviral activity which are even more relevant given the viruses’
natural ability to evolve by mutations, as substantiated by studies on aggressive epi-
demics/pandemics (SARS-CoV, MERS-CoV, SARS-CoV-2, Ebola, West Nile, etc.). The
development of up-to-date antiviral drugs and vaccines is time-consuming, so antiviral
textiles are a realistic alternative and can contribute to significantly limit, or even control,
the viruses’ proliferation and spreading (textile biosensors). Even more, computational
modeling can be considered a valuable tool in order to assess the virus–receptor interaction
and factors affecting the binding affinity, and then to model the corresponding counter-
parts designed to bind and neutralize the virus. Modern processing techniques, such as
plasma-assisted methods, are helpful as well.

Combining green processing, such as sonochemical methods, plasma-assisted pro-
cedures, sol–gel techniques, in situ growth of nanoparticles (i.e., green synthesis of Ag
nanoparticles is nontoxic, cost-effective, and accurate), and green antimicrobial reagents
(natural and naturally-derived compounds) for textile finishing represent another trend
that has already confirmed most expectations. By this approach, antimicrobial textiles with
multiple functionality (anti-inflammatory, antibacterial, antifungal, anti-odor, etc.) can
be manufactured.

Last, but not least, the increasing awareness of the environmental risk associated with
the careless disposal of textiles with antimicrobial finishing must be considered. Medical
waste is disposed of in a controlled manner, but the reckless discharge of some antimicrobial
textiles from domestic applications has become rapidly a source of concern (i.e., the massive
accumulation in nature of personal masks after the SARS-CoV-2 pandemics). The manage-
ment of non-biodegradable plastic waste, as well as the monitoring and neutralization of
toxic reagents accumulated in various biotopes, are valid solutions that must be considered
in a general plan for the coherent elimination of antimicrobial textiles, or even the partial
recycling of some of them, at least those designed to be wearable and resistant to multiple
cycles of washing and wet/dry cleaning.

Highly specialized textiles with antimicrobial functionality are becoming more and
more part of our everyday lives. Therefore, regardless of how much we appreciate the
advantages, we must not minimize the risks and disadvantages of their use. In order to
control and limit them, we need a very active research–development–innovation flow,
which has been shown, and the commitment to transfer the solutions offered by research
to practice.
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Abstract: Firefighters are exposed to several potentially carcinogenic fireground contaminants. The
current NFPA 1851 washing procedures are less effective in cleaning due to the limited intensity of
the washing conditions that are used. The 2020 edition of NFPA 1851 has added limited specialized
cleaning for higher efficacy. The liquid carbon dioxide (CO2) laundering technique has gained
popularity in recent years due to its availability to remove contaminants and its eco-friendliness. The
primary aim of this study is to address the firefighter questions regarding the efficacy of cleaning
with liquid CO2 and to compare it with the conventional washing technique. The unused turnout
jackets were contaminated with a mixture of fireground contaminants. These turnout jackets were
cleaned with conventional NFPA 1851-appoved aqueous washing and a commercially available
liquid CO2 method. Post-cleaning samples were analyzed for contamination using pressurized
solvent extraction and GC-MS. The liquid CO2 technique demonstrated considerable improvement
in washing efficiency compared to the conventional washing.

Keywords: fireground contaminants; liquid CO2; NFPA 1851; carcinogenic; cleaning efficiency; PAHs;
phenols; phthalates

1. Introduction

The International Agency for Research on Cancer (IARC) has stated that the profession
of firefighting is a known carcinogen to human beings [1]. Firefighters are exposed to
several chemicals during fire suppression activities. Polycyclic aromatic hydrocarbons
(PAHs) are compounds that are released due to the incomplete combustion of materials.
PAHs have toxic and mutagenic properties while some of them are endocrine disruptors.
Multiple PAHs, including the known carcinogen benzo[a]pyrene, have been found in
firefighters’ personal protective equipment (PPE) and on their skin [2]. Among several
different compounds, plasticizers are also found on firefighter PPE. When used samples
of PPE were analyzed, 20 different PAHs and 6 phthalate esters were found. Phthalates
are ubiquitously found in polyvinyl plastic materials that are used abundantly in flooring,
wire sheathing, and home furnishings [3].

The NFPA 1851 Standard on Selection, Care, and Maintenance of Protective Ensembles
for Structural Fire Fighting and Proximity Fire Fighting has standard guidelines and
requirements for inspecting, cleaning, and maintaining firefighter turnout gear. These
guidelines include washing at temperatures less than 105 ◦F (40 ◦C), G-forces in the extractor
should be less than 100 G, and prohibiting the use of bleaching or oxidizing agents [4].
The standard has categorized the decontamination techniques as (1) Preliminary Exposure
Reduction (PER), (2) Advanced Cleaning, (3) Specialized Cleaning. The advanced cleaning
procedure permits the use of programmable washing machines and detergents. The
specialized cleaning is performed by a verified independent service provider (ISP). The
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standard clearly states to use specialized cleaning when the ensemble is inadequately
cleaned by advanced cleaning [4].

A limited number of studies have been conducted that indicate residual contamination
after using the standard aqueous wash. Mayer et al., 2019 investigated the impact of
routine laundering on firefighter hoods. The study was performed on two sets of hoods
that were exposed to the same structural fire. One set was routinely laundered after every
fire scenario and in total, was washed four times in a standard washer extractor. The
other set was kept unlaundered to assess the contamination. The analysis between the
two sets showed that overall, laundered hoods had 81% lower PAH contamination than
unlaundered hoods. The pre-wash and post-wash analyses were performed on completely
different sets of hoods. The high values of standard deviation in contamination indicated
high spatial variability that may have affected washing efficiency results [5]. A study
of water-only decontamination of turnout gear used in live-structure burns showed an
increase in contamination by 42%; however, this increase could have been attributed to
the disparity in sampling sites for pre- and post-washing samples [6]. Thus, the uneven
contamination on the gear is a major hindrance in calculating the washing efficiency of
the method and prevents from gaining a comprehensive understanding of the process.
The above studies indicated a need for a controlled assessment that includes uniform
contamination and targeted contaminants as opposed to using the highly variable live-fire
scenarios to contaminate the materials.

Dry cleaning is a technique of removing soils and contaminants from textiles using
a non-aqueous solvent. In conventional dry cleaning, perchloroethylene (PER) is most
commonly used. PER has a toxic effect on the human body. Several alternatives have
been looked at for textile dry cleaning applications such as hydrocarbon solvents, Green
earth®, acetal silicon-based solvents, and carbon dioxide (CO2) [7]. CO2 has distinctive
advantages over other solvents such as being non-toxic, non-flammable, non-corrosive,
environmentally benign, and economical [8]. Some studies have indicated that the cleaning
efficiency of CO2 for non-particulate soil removal is comparable to that of preliminary
exposure reduction, which is conducted on-scene with a brush, soap, and water. The
particulate removal for CO2 dry cleaning was lower [8]. For dry cleaning operations, the
liquid state of CO2 is preferred over the supercritical state since the two-phase gas-liquid
interface is beneficial for trapping soil particles. The substantially higher pressure in CO2
cleaning makes it easy to separate the CO2 from the detergent formulation and the soil
post-cleaning process. Additionally, the spontaneous evaporation of CO2 from the fabric
during depressurization saves the energy of drying [9].

The following study was conducted to evaluate and compare the cleaning efficacies
of liquid CO2 washing and conventional aqueous wash for the application of firefighter
protective clothing. The novelty of the experiment is that controlled contamination of the
targeted fireground contaminants is used to evaluate two different washing techniques:
Conventional wash and liquid CO2, which is a novel technique to clean the fireground
contaminants and has not been used and compared with conventional washThe null
hypothesis for the experiment was that there is no significant difference in cleaning efficacies
of conventional and liquid CO2 methods.

2. Materials and Methods

For this study, five new turnout jackets were used to mount the test samples (swatches)
for cleaning. On every single jacket, eight hook-and-loop patches were stitched. The
hook part was stitched on the jacket and the loop part was stitched to the test samples.
The positions of the hook-patches are shown in the schematic in Figure 1. The size of
each patch was 5 cm × 5 cm. The test sample swatches (5 cm × 5 cm) were prepared
separately using the outer shell material, PBI Max™ Gold (6 oz.), with a fluorinated durable
water-repellent finish. These swatches were spiked with targeted fireground contaminants
using analytical standards (Table 1). Three analytical standards for phenols, PAHs, and
phthalates (2000 ng/µL for each compound in the mix) were used to contaminate the

32



Textiles 2022, 2 626

test samples. The solutions were diluted to 1000 ng/µL using n-hexane. Twenty 3-µL
drops of each standard mix were applied on the swatch from the stock solution using a
repeater pipette. Thus, the amount of each contaminant present on a single test sample
was 60,000 ng. All the test samples were allowed to dry for 24 h. After contamination,
the test samples were adhered to the positions on the turnout jackets. In addition to
the contaminated swatches, blank samples were shipped in a plastic bag along with the
samples for liquid CO2 cleaning to identify any cross-contamination during transportation.
Similarly, positive control (contaminated-but-not-washed) fabric samples were prepared
before the extraction process.
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Table 1. Targeted Contaminants and their relevant properties.

Compound Boiling
Point (◦C)

Volatile/
Semi-volatile KOW

A LOD
(ng/µL)

LOQ
(ng/µL) RSQ

Phenol 182 Volatile 1.46 0.29 0.90 0.9988
2,4,6-

Trichlorophenol
(2,4,6-TCP)

246 Volatile 3.69 0.17 0.52 0.9973

Pentachlorophenol
(PCP) 310 Semi-volatile 5.12 0.22 0.67 0.9927

Di-butyl phthalate
(DBP) 340 Semi-volatile 4.50 0.09 0.26 0.9998

Benzyl butyl
phthalate (BBP) 370 Semi-volatile 4.73 0.10 0.30 0.9994

Di-ethylhexyl
phthalate (DEHP) 384 Semi-volatile 7.60 0.13 0.38 0.9997

Phenanthrene 340 Semi-volatile 4.46 0.22 0.67 0.9992
Pyrene 404 Semi-volatile 4.88 0.07 0.21 0.9997

Benzo[a] pyrene
(BaP) 495 Semi-volatile 6.13 0.06 0.18 0.9995

A = values taken from PubChem®.

2.1. Liquid CO2 Protocol

To conduct the liquid CO2 cleaning of the test samples, the research team employed
Tersus Solutions (Denver, CO, USA). All of the test jackets were shipped to the cleaning
facility to be washed with liquid CO2 utilizing a protocol that is proprietary to the facility.
The limited details of the method are given in Table 2. After washing, all the test samples
attached to the jackets were sent back for analysis. These test samples were removed
from the jackets and stored separately in the plastic bag and in the refrigerator at 4 ◦C for
24 h after receiving. The analysis was done using the analytical method described later in
the article.
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Table 2. Details of the liquid CO2 method.

Step Details

Duration of cycle 50 min
Wash bath: Single wash 8 min

Rinse: Two cycles 4 min each
Pressure range 600–850 psi

Total load 50 lbs.
Detergent Proprietary
CO2 grade Beverage

2.2. Conventional Washing Protocol

For comparative analysis, the test sample preparation process was repeated exactly
for the samples to receive conventional aqueous wash using a commercially available
detergent (CD-1). The ingredients of CD-1 are shown in Table 3. The UNIMAC® 45 lbs.
washing extractor was used in this process. The machine was installed in Wilson College
of Textiles, Raleigh, NC. The temperature of the wash was kept at 40 ◦C (105 ◦F) and the
duration of the wash was 60 min. The conventional method was compliant with the NFPA
1851 requirements. Due to the limited availability of the materials (liquid contaminants,
unused jackets, velcro patches), the jacket was patched with five contaminated swatches.
The positions where test samples were attached were chosen randomly. The amount of
detergent CD-1 used was 120 mL per 45 lbs. load and was calculated according to the
manufacturer’s recommendations. All test samples were air-dried after washing for 24 h
and then extracted and analyzed as described below.

Table 3. Ingredients of CD-1.

CD-1

D-Limonene
Non-ionic surfactant: 4-Nonylphenyl-polyethylene glycol

Mackamide C
Glycol ether

2.3. Extraction

All fabric samples were extracted using a pressurized solvent extractor (BUCHI®,
Speed Extractor E-916) with n-hexane (Fisher Scientific, Hampton, NH, USA) as the extrac-
tion solvent. Outer shell fabrics (pre-wash or post-wash) of size 5 cm × 5 cm were placed in
the 10-mL stainless steel extraction cell. Glass beads (4 mm diameter) were sonicated with
n-hexane to remove any prior contamination, and 5 g of glass beads were filled inside each
cell to fill the void volume to reduce the excess solvent entering the cell. The cell was capped
with top and bottom cellulose filters to prohibit unwanted particulate contamination. Each
extraction comprised two full extraction cycles and one flush cycle at the end. Every single
extraction cycle consisted of a five-minute heat-up followed by a five-minute hold where
the solvent and fabric were in contact with each other. The cycle was held at 100 ◦C and
100 bar, and the extraction was carried out in the nitrogen atmosphere. The extract passed
through a condensing coil and was collected in a 60-mL glass vial. The total run time for
the extraction process was 32 min.

After collecting, the extract from each cycle was diluted to 10 mL in a standard 10-mL
volumetric flask using n-hexane. A sample of the diluted extract was transferred into
the 2-mL amber autosampler vial using a 3-mL syringe with 0.2 µm PTFE filters. These
vials were loaded on to GC-MS system and analyzed. All the extraction cycles included
a positive control (contaminated-but-not-washed) fabric sample and a negative control
(uncontaminated and unwashed) fabric sample. The post-washing concentrations of the
washed samples were calculated relative to the positive control during that particular
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extraction. The negative controls were used to check any compounds were present on the
fabrics themselves in the first place. They were used only for qualitative analysis.

2.4. Gas Chromatography/Mass Spectrometry

The analysis of the fireground contaminants was carried out using an Agilent 7890B
Gas Chromatograph (GC) system coupled to an Agilent 5977B Mass Spectrometer (MS)
equipped with Electron Ionization (EI) capability (Agilent Technologies, Inc., Santa Clara,
CA, USA ). Chromatographic analysis was conducted in the splitless mode with a purge
flow of 100 mL/min at 1.0 min. The Agilent Ultra Inert liner (5190–6168, straight 2 mm ID)
was used in the GC inlet, which was maintained at 250 ◦C. An Agilent EPA 8270D fused
silica capillary column (30 m × 0.25 mm × 0.25 µm) was used with a helium flow rate of
1.2 mL/min. The oven program was set to begin at 40 ◦C, then increased to 280 ◦C at a rate
of 10 ◦C/min with a 1 min hold, followed by a further increase to 300 ◦C at 25 ◦C/min with
a final hold of 1 min. The total running time was 30.48 min. The MS transfer line was kept
at 280 ◦C throughout the run. The MS quad temp was maintained at 300 ◦C, and the ion
source temp was kept at 200 ◦C. The gain factor used was 1.00. The analysis was conducted
in scan mode (35–550 amu) using EI with an energy of 70 eV. The calibration solutions were
prepared to calibrate the instruments using the mix of the compounds (2000 ng/µL) as the
stock solutions. The calibration standards, as shown in Table 4, were prepared by diluting
n-hexane (Fisher Scientific—95% purity) in a 10-mL volumetric flask. The calibration curve
was obtained by averaging out the responses of three replicates. The limit of detection
(LOD) and limit of quantitation (LOQ) values were calculated using Equations (1) and (2),
respectively. The lowest concentration was run ten times and the standard deviation of the
response (area) σ was calculated. The calibration curve provided the equation of the line
which provided the slope m.

LOD = 3σ/m (1)

LOQ = 10σ/m (2)

Table 4. Calibration solutions for the chromatography method.

Calibration Standard Target Concentration
(ng/µL)

The Volume Injected
from the Stock
Solution (µL)

Mass per Unit Fabric
Area (ng/cm2)

1 0.6 3 240
2 1.2 6 480
3 3 15 1200
4 6 18 2400
5 9 45 3600
6 12 60 4800

2.5. Data Analysis

Microsoft Excel was used to calculate the R2, slope (m) of the calibration curve, stan-
dard deviation of the responses (σ), LOD and LOQ. The linearity of the calibration solutions
(response vs. concentration) was high, as indicated from the R2 values in Table 1 for all the
compounds. This showed that the proportion of the variation in the response generated for
various concentrations was predictable and dependent. To quantify the effectiveness of
both decontamination methods, the washing efficiency was calculated using Equation (3).
For samples that did not show detectable peaks in the chromatogram, 1

2 LOQ values were
used in the equation. For every compound, the arithmetic mean (average) of the washing
efficiencies of the replicates was calculated. For liquid CO2 washed samples, the average
of the washing efficiency for any compound was calculated using 40 replicates and for
conventional wash, the values of washing efficiency are the average of the 5 replicates. In a
separate analysis, data set from five random samples were taken from the liquid CO2 set
and compared with conventional washed samples to perform a comparative analysis at the
equal number of data points and to see if that created any difference. Standard errors were
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calculated to check the variability across samples of the given population. The statistical
analysis was done using JMP Pro® statistical software (15.2.0, SAS Institute Inc., Cary, NC,
USA). Shapiro–Wilks test was used to check the normal distribution of the data. A single
factor ANOVA was conducted to test the variances at p < 0.05, confirming the unequal
variances for the one tailed t-test. A singled tail t-test was done at alpha-level = 0.05.
Random sample picking from the given data set was done using JMP Pro® (15.2.0, SAS
Institute Inc., Cary, NC, USA).

Cleaning efficiency (%) =
(Original concentration(Cc)− post washing concentration(Cw))

Original concentration
× 100 (3)

3. Results

The original target concentration applied to the materials (accounting for analytical sample
preparation) for all the samples was 6 ng/µL. The blank samples in the plastic bag did not show
any compounds, thus indicating no issues with cross-contamination during transportation.
The washing efficiency values for both the methods: liquid CO2 and conventional wash are
presented in Table 5 for the targeted contaminants. The comparative analysis of the washing
efficiencies is shown in Figure 2 (Average washing efficiencies in Figure S1). The results for the
washing efficiencies were very close together as indicated by the error percentage from Table 5
which indicates low variation. The Shapiro–Wilks test indicated a p-value of 0.24 > 0.05 (for
Conventional wash) and a p-value of 0.41 > 0.5 (for liquid CO2 wash), indicating that the data
was normally distributed (Figure S2). The single-tailed t-test indicated that the difference was
statistically significant for p < 0.05 (Figure S3). Thus, we reject our null hypothesis and conclude
that there is a significant difference between the means of the different washing methods and
liquid CO2 is more effective than the conventional washing method. For the equal number
of samples where for liquid CO2, average of 5 random replicates was taken, similar results
were found (Average washing efficiencies in Figure S4). The Shapiro–Wilks indicated p-value
of 0.27 > 0.05 (Conventional wash) and p-value of 0.46 > 0.05 (liquid CO2 wash) (Figure S5)
and the single-tailed t-test showed (Figure S6) that the difference between the means was
statistically significant. This indicated that irrespective of the number of samples, liquid CO2
removed contaminants effectively.
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Table 5. Average washing efficiency of targeted contaminants for conventional and liquid CO2.

Compounds Conventional
Wash Count of ND a Liquid CO2 Count of ND a

Phenols
Phenol 92.46% † 5 92.46% † 40

2,4,6-tri-chlorophenol (TCP) 95.59% † 5 95.59% † 40
Penta-chloro-phenol (PCP) 80.96% 0 94.43% † 40

PAHs
Phenanthrene 92.32% 0 94.44% † 40

Pyrene 57.62% 0 98.22% † 40
Benzo[a]pyrene (BaP) 35.73% 0 98.52% † 40

Phthalates
Di-butyl-phthalate (DBP) 79.19% 0 97.80% † 40

Benzyl-butyl-phthalate (BBP) 54.76% 0 97.08% 0
Di-ethyl-hexyl-phthalate (DEHP) 30.29% 0 89.67% 0

† Non-detectable signal— 1
2 LOQ used for calculation. a = number of samples with non-detectable signals.

4. Discussion

For conventional wash, the washing efficiency decreased from phenols to phthalates.
The increase in the octanol-water partition coefficient (KOW) values and the decrease in
the washing efficiency in a chemical class showed that the relation between the two was
evident. The average washing efficiency for conventional wash is shown in Figure 2. The
1
2 LOQ values from Table 1 were used for calculating phenol and TCP. The conventional
wash removed these contaminants below the quantitation limits of the analytical method.
The aqueous wash and non-ionic surfactants removed the phenols, phenanthrene and DBP.
Phenols are more polar as compared to the other two groups. They are fairly soluble in
water; hence, the results were comparable. The detergent contained d-limonene for aqueous
washing, a non-polar compound that helped remove the phenanthrene and DBP. For PAHs,
an increase in the number of aromatic rings increased hydrophobicity and resulted in
decreased removal from the fabric. Thus, a decreasing trend in washing efficiency can be
seen in the aqueous washing [10]. A similar trend was observed in phthalates, an increase
in alkyl chain length increased the hydrophobicity and thus phthalates were not removed
effectively by aqueous washing [11].

From the comparative analysis perspective, Figure 2 demonstrated that conventional
wash was not very effective at removing higher molecular weight PAHs and phthalates.
This limitation can be attributed to the polar nature of the water and the hydrophobic
nature of the compounds.

For liquid CO2, the 1
2 LOQ values were used in calculations for all the compounds

except for BBP and DEHP, as they were the only compounds that had detectable levels
remaining in the fabric. It indicated that the contaminants might be present in trace amounts
after washing that cannot be quantified by the analytical method. Even for BBP and DEHP,
the average washing efficiency was still greater than 90%.

The results indicate the potency of the liquid CO2 method in removing the fireground
contaminants. The three different chemical groups: phenols, PAHs, and phthalates were
all removed effectively using the liquid CO2 washing method. This may be due to the
non-polar nature of liquid CO2 that aided in solubilizing the more hydrophobic contami-
nants. The proprietary detergent used has been effective in removing phenols. The high
diffusivity and low viscosity helped liquid CO2 reach the fabric’s interstices and remove
contamination. The washing system was kept under high pressure, that helped in solubiliz-
ing the contaminants from the solvent at a low temperature. This made it a very suitable
solvent for removing non-polar contamination.

5. Conclusions

The liquid CO2 wash was certainly effective in removing the targeted contaminants.
The average washing efficiency for liquid CO2 was 95.36% which was significantly higher
than the average washing efficiency of conventional wash: 68.77%. The controlled study
included uniform contamination of the garments that helped understand and analyze both
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methods on the same level. One interesting trend that can be seen here when observing
the conventional wash is that the cleaning efficiency and the KOW values have an inverse
relation. This makes sense since the octanol-water partition coefficient indicates the ability
of the compound to partition in the organic or aqueous phase. So, the higher value shows
the reluctance of the compound to partition more towards the water. The results were
statistically significant. A limitation of this study design is that the method was tested
against liquid contamination and did not account for the particulate contamination that is
experienced with smoke and soot in firefighter exposures. Additionally, studies have shown
that the lack of mechanical action impedes the removal of particulate contamination for
liquid CO2 [8]. Thus, it will be interesting to evaluate the efficacy of liquid CO2 when real-
world samples are used. Simultaneously, it is important to investigate the redeposition of
the contaminants while washing with this technique. Additionally, a further investigation
of the impact of liquid CO2 on the durability of the turnout suit and its accessories is needed
along with the operation costs for the method.
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mality test when all samples are considered (Left: Conven-tional washing, Right: liquid CO2 washing)
Figure S4: Box-Plot of average washing efficiencies of all compounds (when equal number of samples
are considered). Figure S5: Normality test for equal number of samples (Left: Conventional washing,
Right: liquid CO2 washing). Figure S6: t-Test analysis (Equal number of samples)
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Abstract: Individuals with atypical breast shape/size often find it quite challenging to obtain a
comfortable, supportive, and fitted bra off-the-shelf. They include people with very large breasts,
who have significant breast asymmetry, and/or have undergone mastectomy or mammoplasty. This
paper provides insights in their challenges and attempts to fill the gap in terms of critical review of
the current state of knowledge around the topic of bras. Poor and ill fitted bras are associated with
breast, chest and shoulder pain, embarrassment, and an overall reduction in quality of life among
others. Building upon the advantages and limitations of solutions to improve the fit, support and
comfort of bras found in the literature, this paper proposes strategies to solve these challenges. As
the problem is multidisciplinary, a human-centered interdisciplinary approach is key to ensure that
all aspects are considered at all stages of the process. A modular design allows selecting the fabric
characteristics based on the requirements of each bra part. In terms of materials, stretch woven fabrics
offer a large potential in the production of bras to enhance the support provided by areas such as
the under band and back panels. Bespoke manufacturing takes into account the specificities of each
individual. The road map proposed here will contribute to enhance the quality of life of individuals
with atypical breast shape/size.

Keywords: bra; atypical breast shape/size; modular design; stretch fabrics; bespoke manufacturing

1. Introduction

The invention of bras can be dated back to the 14th century [1], and has since evolved
with tipping points in the early 19th century when the first bra patents were filed [2]. Since
then, there have been landmarks, such as the introduction of large-scale production in
1930 [3] and cup and band sizing in 1932 [4]. Today, there are varieties of bra styles and
sizes influenced by fashion, culture, and body image perception.

Regardless of this achievement, the degree of bra dissatisfaction is high [5]. Many
women find it difficult to obtain a well-fitted, supportive and comfortable bra [6]; more so
individuals with atypical breast shapes and sizes. These individuals may have voluminous
breasts [7], significant breast asymmetry [8] and/or have undergone breast surgery. These
breast surgeries include mastectomy [9], a surgical procedure for the treatment of breast
cancer [9], and mammoplasty, a surgical procedure to reduce or increase the breast volume
and/or correct the breast shape [8]. Since the primary purpose of a bra is to support
the breast, it is important that the breast shape/size is taken into account at the time of
production. However, mass-manufactured bras are highly unlikely to cater to individuals
with atypical breast shape/size [10]. This is because they are based on a sample range
that is not representative of the entire bra user population [10]. In addition, individuals
with atypical breast shape/size are varied and unique; each person is different. The most
limiting factors are body variations and experiences, which are not taken into account into
the bra production. For example, studies by Vasquez show that no two lumpectomies (a
partial form of mastectomy where only a part of the breast is removed) are the same [9].
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Therefore, there is a need to re-think the bra industry such that it aligns with the changing
needs of women [11]. According to the Canadian Cancer Society [12], 25,000 women will
be diagnosed with a new breast cancer in 2021 and will require at least one lumpectomy
procedure [11,12]. In addition, studies show that more women have larger breasts due to
lifestyle changes over the last few decades [13–15]. Thus, more women are likely to end
up with significant breast asymmetry making it more challenging to obtain a suitable bra
in their lifetime. This is a challenge as it increases the degree and frequency of bra dissat-
isfaction. Additionally, increased awareness on body image both in terms of perception
and appearance is leading to increased occurrences of aesthetic breast surgeries [13,15].
According to literature, predicted surgery outcomes are sometimes inaccurate, driving
up the differences between a breast pair [16,17]. According to Sharland, individuals with
atypical breast shape/size require special intervention [6]

Furthermore, the human body has variations from person to person; these variations
include neck-to-collar bone, shoulder-to-shoulder, and nipple-to-nipple distance [18]. This
contributes to the current bra dissatisfaction experienced by bra users. Individuals with
atypical breast shape/size experience even greater dissatisfaction due to their experiences.
For instance, studies show that as the breast size increases, breast asymmetry becomes
significant [18,19].

In an attempt to fill the gap in terms of critical review of the current state of knowledge
around the topic of bras, this paper provides a description of individuals with atypical
breast shape/size, and details the challenges they face and current strategies employed
in an attempt to solve them. It also proposes a roadmap and discusses fabric analysis,
bra design and patterning, fitting procedure, wear trials of prototypes, and translational
approaches to patients as possible strategies to solve the remaining problems.

2. Individuals with Atypical Breast Shape/Size

This section inventories some conditions that can lead to atypical breast shape/size,
either naturally or as a result of a surgery.

2.1. Breast Asymmetry

Most women have some level of breast asymmetry. However, if the difference in
size and shape between the two breasts is significant, it can result in a medical condition
known as anisomastia [20]. According to Reiley, when one breast is 30% larger or more
than the other one, it is considered asymmetric [21]. Significant breast asymmetry has been
reported to be present in as much as 44% of women [22]. Breast asymmetry includes also
differences in the degree of sagging, position on the chest wall, and nipples placement and
shape [10,21,22]. For these individuals, finding the right bra is challenging as the breast
pair could be of different cup sizes [20]. The frustration they encounter while shopping
for bras often puts them in a position to consider surgery, with all the risks and issues
associated with breast surgeries [23,24]. Hence, there is the need to develop a model for bra
making on a case-by-case basis that allows for individuality. This could potentially derail
individuals from undergoing surgeries due to bra dissatisfaction.

2.2. Macromastia

Macromastia is the medical term for women with bulky breast tissues (plus-sized) that
make their breast abnormally large [25]. There are no clinically defined measurements of
symptomatic macromastia due to the wide variation of body shapes and sizes [26]. How-
ever, women having excess breast tissue between 900 g and 2220 g are considered large
breasted [21,26]. Within the industry, large bra sizes are typically cup D and above [21,25].
Breast asymmetry also becomes more obvious as the breast size increases [25]. This con-
tributes to the challenges these individuals experience when shopping for bras. Pandarum
et al. studied the dissatisfaction experienced by plus-sized women with poorly fitted
bras [27]. They reported the inadequacies of the current sizing system used by bra manu-
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facturers in catering to this group of women. A further complication arises when women
have excess skin around the armpit and breast base [28].

2.3. Mastectomy

Mastectomy is a medical surgery used in the treatment of breast cancer [7]. The
procedure involves the partial removal of cancerous lumps in the breast or the complete
removal of one breast or both breasts in severe conditions [29,30]. After a mastectomy, many
women find it difficult to obtain bras that fit their breasts, especially if they have become
significantly asymmetric. In addition, the breast prosthesis will not behave the same way
as the remaining breast [31,32]. This issue may affect their physical and psychological
health [31]. Furthermore, mastectomy increases the natural body variation that exists from
person-to-person. Studies have shown that custom-made bras provide better comfort to
those using prostheses after a mastectomy [31–33].

2.4. Mammoplasty

The reduction or augmentation of the breast and/or correction of the breast shape
is known as mammoplasty [8]. The reasons why women opt for mammoplasty include
improving their sexuality, confidence and appearance [34]. Additionally, studies show that
large breasted women go for reduction mammoplasty due to health issues such as back,
neck and breast pain [34,35]. Furthermore, having large breasts has been associated with
body shaming, reduction in self-esteem and negative bra shopping experiences [34–36].
These issues often prompt the need for mammoplasty. However, things can sometimes go
wrong; the procedure may lead to unwanted outcomes, including breast asymmetry [37,38].
Indeed, mammoplasty, as any other surgery, has its own limitations such as poor projection
of incisions and scars [38].

3. Challenges for Individuals with Atypical Breast Shape/Size
3.1. Bra Dissatisfaction

Bra users have often expressed dissatisfaction due to poor fitting, low support and
overall discomfort [36,39]. Table 1 details some of the common issues reported with bras.
Poor and ill fitted bras have been associated with reduction in quality of life [27], increased
breast, back and chest pain [6,27], which is intensified during sporting activities [6,39], as
well as bra displeasure [5]. In addition, research shows that wearing poor and ill-fitted bras
negatively impacts sleep and sexual activity [27,36,39]. On the opposite, well-fitted bras
have been linked with reduced instances of breast deformation and sagging that may arise
from weakened support tissue after massive weight loss and surgeries [39,40]. They also
lead to increased breast firmness [40] as well as reduced post-surgery complications [41].
In addition, well-fitted bras allow for improved mobility and reduce exercise-induced pain
by as much as 85% [6,42]. In particular, custom-made bras have positive impacts on the
psychological experience of women, thereby improving their mental well-being [34,42].
Furthermore, there is a huge focus on body image driven by the fashion and beauty
industries [34]. Thus, more people are concerned about how they look and how others
perceive them. In some cases, this leads to body shaming [34]. According to Swami &
Furhan and Neto et al., having large breasts has been associated with body shaming and
reduction in self-esteem, with impacts on mental, physical and psychological health [34,36].
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Table 1. Description of some bra issues, and their common causes.

Issue Description Common Causes Source

Bulging Skin pushing over or underneath the
cup, band or straps Large breasts, bra size too small or too tight [43,44]

Digging
Bra parts digging into the skin,

especially in individuals with extra
under arm and side skin

Bra too small, or too tight [45]

Lifting away Centre gore lifts creating space between
the bra and the skin. Under wires, stiff materials, bra too small or too tight [46]

Gapping Gaps in the center gore or cups Large breasts, bra too big or too loose [44,46]

Double breast

Occurs mostly in deep-V and push-up
style bras used for enhancing cleavages.
It occurs when a large part of the breast

is outside of the cup.

Large breasts, improper fitting or sizing. [46]

Individuals with atypical breast shape/size have also reported displeasure with the
outcome of specialized bras, which would have been expected to solve their bra prob-
lems [31,32,47]. Fong conducted a study on the aftermath of mastectomy patients in terms
of their adjustment to life using mastectomy bras and prosthesis [47]. The study reported
that most post-mastectomy patients find their bras uncomfortable. Similar views on the
displeasure of post-mastectomy patients were shared by Jetha et al. [31]. When describ-
ing their experiences and what they hoped to find, women who underwent mastectomy
indicated a desire to obtain bras that are unique to them [29–31]. Participants of a study
carried out by the Breast Cancer Organization expressed their realization of the fact that
no two women are the same [30]. Additionally, an investigation of the use of existing
commercial bras and prosthesis proved that custom-made bras provide more comfort and
satisfaction [32,33]. These studies highlight the need for custom-made bras that are not
only unique to each individual, but provide added functionality and overall value.

Complaints made by patients seeking mammoplasty, particularly in case of a reduction,
include neck and back pain, embarrassment, harassment, and poor self-image [37]. In
such instances, it is quite difficult to deter such persons from going for a mammoplasty.
However, Wood et al. [48] suggested that a good support bra could potentially mitigate
breast pain and provide adequate support needed by the breast. It will also aid in a
stress-free physical activity for large breasted women and perhaps discourage them to
go for breast reduction. Outcomes following reduction mammoplasty were studied by
Neto et al. [34]. The study was done on two groups of 50 women each; Group A was
composed of in-patient (post-operation) and Group B included outpatients (pre-operation)
who formed the control sample. Group A women were administered questionnaires six
months post-operation. The researchers reported a significant improvement in self-esteem
and functional capacity, but noted that a special brassier would aid in the initial recovery
process. Therefore, there is the need to have special post-recovery bras that can enhance
mobility and keep the breasts in place during physical activities

3.2. Measurement, Fit and Mass-Manufacturing

Inaccurate measurement often results in ill fit [27]. This leaves bra users frustrated [33].
It is challenging to obtain a good fit when it comes to individuals with atypical breast
shape/size. Fit is regarded as the accuracy of the measurement done on an individual [49].
Its efficiency is linked to the ability to customize garments [50]. It is done conventionally
using a tape rule as the measuring tool. This means measuring an individual standing and
transferring those numbers to the flat fabric on a cutting table. This mostly introduces errors;
the degree of error often depends on the experience of the measurer [51]. Thus, fitting
is highly dependent on the skill of the measurer/fitter and the posture of the individual
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during the measurement [52]. The process requires a unique skill set and experience, one
that is not often found in the average sales person in the stores [50].

On the other hand, mass-manufacturing is the industrial process of making clothing for
multiple users with sizing based on a select few [10]. Mass-manufacturing comes with its
benefits such as increase in productivity and profitability to brands and manufacturers. For
users, mass-manufacturing takes away individuality and the ability for users to contribute
to their clothing [51]. With regard to bras, the customary process of selecting a few sizes
is done through the use of models [10]. These models, selected using clusters of bra
sizes, seem not to give a good representation of the entire population [51]. Because of
that, bra dissatisfaction is not a thing of the past, and it clearly shows the limitations
of mass-manufactured goods. In reality, not everyone fits in the mass-manufacturing
models used for products [5]. Participants from a study carried out by the Breast Cancer
Organization expressed how they realized through that experience that no two women are
the same [40–42]. Two separate studies by Kubon et al. [32] and Shin et al. [33] compared
the use of existing mass-manufactured bras and custom-made bras and their compatibility
with breast prosthesis. They both reported that custom-made bras provided more comfort
and satisfaction. Therefore, there is the need to produce bras that are not only unique to
each individual, but takes their experiences into account.

3.3. Breast Pain

Pain of any sort reduces a person’s quality of life, and breast pain is a common
occurrence in women [40]. When assessing breast pain prevalence in women with small to
medium breasts, Sharland reported that most women will experience breast pain in their
lifetime [6]. Similarly, Scurr et al. evaluated the prevalence, severity and impact of breast
pain in the average population [40]. They reported that at least 50% of women in the general
population suffer from breast pain. This ratio increases to about 65% for women with breast
cup size larger than DD. This occurs particularly as the breast volume increases, which
suggests the need for well-fitted bras to reduce breast pain for large breasted individuals.
Furthermore, Sharland’s study evaluated the possibility of well-fitted bras to reduce breast
pain [6]; they concluded that wearing a bra that fits well and provides adequate support
will greatly reduce the risk of breast and chest pain.

Breast pain has also been linked to poor bra fit. Xiaomeng investigated the pressures
and sensations caused by wearing a bra and the influence on bra fit on them [39]. The results
showed that the pressure and sensations due to ill-fitted bras result in discomfort, and
although they are not always the direct cause of breast pain, ill-fitted bras can aggravate the
associated discomfort. As part of their results, the author reported that keeping the breast
in position, especially during intense activities like exercising, is important. As echoed
by White & Scurr [53] and Sharland [6], keeping the breast in position can significantly
reduce breast pain intensity caused by motion. It becomes more critical for individuals with
large breasts [54]. A firm breast support has been the most commonly reported solution to
reduce breast pain [27,31,40]. It is estimated that an effective supporting bra can reduce
instances of breast pain by 85% [54–56]. Wearing the right bra has even been suggested as
potentially offsetting for many cases the need for reduction mammoplasty [56].

4. Current Strategies

The current strategies to improve bra satisfaction are mainly two folds: the use of
sizing tools and software, and increasing bra styles and design.

4.1. 3D Scanners and Other Measuring Software

There are a number of sizing software/3D scanners that are used to automate the
sizing/measuring process. Some of them such as VickingSlice, Physio easy, Posture print,
SAPO, and Fisiometer originate from the medical field where they were designed for
the purpose of posture and body measurements [57]. Most clothing manufacturers use
conventional 3D body scanners, which are cheaper, more accessible and easier to use
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compared to the medical systems [50,58–61]. These sizing software/3D scanners help
manufacturers by increasing the production speed. However, they do not appear to help
bra users [61–64]. Other software such as mybraFitTM designed by the company Wacoal
and Upbra designed for Upbra are widely used by bra manufacturers [65]. Although these
sizing applications were designed for the company’s specific products, a good number
of shop owners and users have now adopted them. Reviews on these applications have
indicated that they are not useful for everyone, and most customers make a return [43,57].

Researchers estimate that in most cases, 3D scanners have automated the measuring
process, but because of their limitations, they have not improved bra fit [27,59]. The
limitations of 3D scanners include the fact that people’s breathing during scanning affects
the accuracy of the measurement [27]. In addition, 3D scanners are not able to capture the
full breast volume, especially above a cup F, as the breast is likely to be in “fall” position
during scanning [60,62]. Furthermore, measurements by 3D scanners are impacted by
postures and the eventual positioning of physical features such as the back curvature
and collar bone [28,61]. Figure 1 shows the 3D scanning of individuals with different
sizes/shapes of breasts [28]. They show differences in the nipple position on the chest,
nipple to nipple distance, and nipple to collar bone distance. This ultimately leads to
profiling and sampling [5,28,61]. Profiling groups individuals based on the assumption that
the measurements of a few can be projected on larger populations without errors. However,
research has shown that not only are there errors, but also that these errors are larger than
is acceptable and result in bra dissatisfactions [10,28,51].
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Bougourd et al. measured 22 young females using both 3D scanner and traditional
tapes [49]. They found that in practice, issues when using 3D scanners increase rather than
decrease when increasing the number of subjects. The issue appears to be related to the
choice of posture and differences in sensitivity between instruments. In addition, some
3D scanners require the location of certain landmarks such as the collar bone to establish
their focus [62]. This poses a major challenge because of the inherent variations in the
location of these landmarks on the human body between different people [19]. In addition,
greater variations in the position of these landmarks occur above cup F [60]. Studies by
Catanuto et al. [63] and Bengston & Glicksman [5] also reported variations in 3D scanner
measurements due to differences in breast shape even with breasts of identical volume.
A similar study by Ancutiene targeting silhouette gowns concluded that due to different
postures, it is difficult to achieve a measurement with 3D scanners that offers optimal
fit [62]. In addition, different scanners may provide different results [63]. This can influence
clothing sizes and contribute to the already existing confusion regarding chart sizing across
brands and countries [64]. In general, statistical analysis suggested that most women are
likely to wear a bra with an under-band that is too large or too small when measured with
a 3D scanner [60].

45



Textiles 2022, 2 566

4.2. Specialization and Production

There are a variety of specialized products commercially available that ought to cater
to certain categories of the bra user population, including individuals with atypical breast
shape/size. These include extra-large, sport and mastectomy bras. However, research has
shown they do not mitigate bra problems to the level that brings consumer satisfaction.

“Extra-large” bras designated specifically for individuals with large breasts are in-
creasingly common in stores. Unfortunately, these bras are only made bigger in terms of
size but the design remains the same [66–68]. Additionally, they do not have the perfor-
mance, for example in terms of strength, that is required for such “extra-large” bras to
function properly [68]. Large breasted women need bras with added support to limit chest
pain [48,54]. Articles by Eva’s Intimate [66] and Forever Yours Lingerie [68] highlighted
some of the issues associated with voluminous breasts:

• Back band rising: this is mostly due to the weight of the breast dragging it downwards
with little or no support from the under band and/or strap;

• Falling straps: when the band is too narrow, too big or the shoulders of the individual
are slopped, the straps are likely to fall;

• Displacement of the centerpiece (gore): the gore should rest on the sternum, otherwise
the breast will put pressure on the gore causing it to bend, break or poke through the
ends;

• Side boobs: this occurs when the side breast tissue is peeking out of the bra. In most
cases, this adds an extra layer of excess skin to what may already exist under the
armpit;

• Quad boobs: this happens when the cup is too small or the style does not fit. Unfor-
tunately, women with big breasts often cannot afford to wear certain styles as their
breasts require to be enclosed.

Sports bras have gained a large visibility and are one of the fastest selling bras. Today
many top brands including lululemon, adidas and GymShark, who are key players in
sports bras, still use mass-manufacturing. Their bras are marketed on the basis of fit
and comfort; however, studies continue to show that bra users do not get the desired
outcome [69]. Chung & Jang evaluated the comfort of sports bras with a focus on style and
their corresponding compression levels after walking and running [70]. The study reported
that “racker back” compression sports bras were uncomfortable due to high compression
levels. The high compression led to an increase in skin pressure, thereby causing pain in
the upper torso. On the other hand, they resulted in reduced breast displacement during
exercise activities.

In another study, Lawson [71] assessed the comfort and support provided by eight
selected sports bras of four different breast sizes (A–D). Lawson recorded that women with
size D require extra support to significantly minimize breast displacement during intense
activities. Thus, even for sports bras, women with large breasts have requirements that are
different from small to medium breast sizes. Sports bra design, whether they include front
zippers, back hooks, or ease of donning and doffing, has also a significant impact on the fit,
comfort and wearability of the bra. Better fitting sports bras will also be critical to allow
the proper operation of wearable vital sign monitoring. Navalta et al. [72] evaluated sports
bras with integrated smart technology to monitor heart rate. They reported that proper fit
are critical for the accuracy of the biometric data obtained.

Post-surgical bras are designed to cater to individuals who have undergone breast
surgery [73]. Makers of post-surgical bras in the commercial space include Dale by Dale
medical products Inc., CareFix by Tytex Inc., and Amoena by Amoena Ltd. However,
reports show that their level of satisfaction is still low [33]. This research hypotheses that
it is because the production process is still based on mass-manufacturing. Even though
the benefits of these bras such as the reduction in infection rate and prevention of stitch
raveling are well documented [73,74], the main challenge lies in finding one with the right
fit for optimum functionality [74].
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Hummel & Charlbois investigated the support level of post-surgical bras. The study
had 20 post-cardiac surgery females who wore the bras between one to three weeks after
surgery [74]. In the findings, they recorded that 77% of the participants indicated that
the bra was helpful and would recommend it to a peer. However, about 65% of the
participants reported displeasure regarding fit and wear-ability. In another study specific to
post-mastectomy patients, Nicklaus et al. reported that bra fit is currently lacking in most
post-surgical bras [75]. However, a well fitted bra can significantly improve the quality of
life of those who have undergone breast surgeries. The authors also stated that available
products do not meet the needs of breast cancer patients. Their findings also suggested that
changes should be made, for example so that the bra does not irritate the scar.

Therefore, the existence of different bra styles and varieties without a change in the
production process will make no significant difference to improve bra satisfaction. It is
clear from the literature that the availability of specialized (custom-designed) bras is not
enough. Custom-made bras are thus thought to be a better strategy towards improving the
satisfaction of individuals with atypical breast shape/size.

5. Proposed Roadmap
5.1. Selecting the Right Type of Fabric Depending on the Bra Part

The primary raw material in making a bra is fabric. The fabric type and properties
are key in determining the quality and performance of the bra delivered to users. Findings
from the literature show that most, if not all, commercially available tight fitting garments
including bras are made from knitted fabrics [51,76]. Because of their structure, knitted
fabrics have certain characteristics that make them suited to this application. They have
a very high stretch with the potential to recover fully after an extension provided that
the elastic limit is not exceeded [76–78]. In addition, they are highly flexible and provide
significant drape over the body [79]. This makes them well suited to applications where
tight fitting is required. This includes socks, compression garments, bras and breast
bands [79,80]. However, for individuals with atypical breast shape/size, knitted fabrics
alone may not provide the properties required for optimum bra functionality. For instance,
properties such as strength may not be fulfilled by knitted fabrics. This is particularly true
in areas such as the back and side panels that provide support, form and structure to the
bra.

Furthermore, a complete understanding of the fabric used is needed to improve the
performance of the bra [10]. As already mentioned, it is important that the fabrics used
in the production of bras provide the necessary support in terms of strength [81] and
have adequate flexibility to drape over the breast tissue [81,82]. In addition, they should
have adequate stretch to allow for good rotation of the arm [81], be breathable and well
ventilated to allow for perspiration to be evacuated [81–83], and do not cause irritation or
skin allergies [75].

Lawson and Lorentzen assessed seven commercial sports bras in terms of their per-
formance for different breast sizes (small, medium and large) [84]. They reported that
subjective measures of support and comfort were not correlated: bras that provided effec-
tive support were the least comfortable and vice versa. Having the proper balance in terms
of support and comfort is thus quite complex. In another study, Norris et al. evaluated
commercially available sports bras for their performance and function [85]. The study
involved 77 females and 94 commercial bras. They reported that the bras did not provide
enough support. In addition, if bras are supposed to provide support during exercise when
the breast is in motion, support requirements are not the same for everyone [18]. These
authors showed that support requirements increase as the breast volume increases.

Therefore, looking into other types of fabrics such as woven structures could be very
useful. Woven fabrics have high strength due to their mode of construction [86]. However,
since the bras are worn next to the skin, it is important that the fabrics have some degree of
flexibility to allow for ease of movement while in motion [87]. Woven fabrics by themselves
are rigid, stiff and have very little to no extensibility [88]. However, the addition of
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elastomeric yarns during the fabric production reduces the rigidity, increases its flexibility
and improves hand feel [89]. These fabrics are known as stretch woven fabrics [85].

It is thus proposed to look at the bra and its parts from a functional lens in order to
decide what fabric type is most suited to which part. Figure 2 shows the different parts of a
typical bra. The different bra parts can be considered as individual modules in order to
optimize their functions. This will ensure that the right fabric is employed depending on
the intended function of each part. Table 2 shows the different parts and the fabric types
that could be the most suited in order to optimize function. In this roadmap, we propose
the use of stretch-woven fabrics in areas that provide support, form and structure such as
the gore (4), back panel (6) and side panel (7) (Figure 2). On the other hand, knitted fabrics
could be used for areas such as the cup (3), where drape, stretch and flexibility are key
factors. We hypothesize that a bra made from a combination of these fabrics will deliver
a more supportive, comfortable and durable bra that is well suited to individuals with
atypical breast shape/size.
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Table 2. Different bra parts, their function, most suited fabric type, and rational for the fabric selection.

Bra Part Function Knitted Stretch
Woven Rational for Fabric Selection

Strap (2) Support the cups & back panels 3

Good strength to ensure
connections between the cup
and the back panel

Cup (3) Hold the breast 3

Excellent drape to host the breast
tissue, good breathability to
prevent sweat & irritation
between the breast and the
upper stomach area

Gore (4) Connect the two cups 3

Good stretch to accommodate
different breast sizes and
breathability to promote
ventilation

Back panel (6) Support the side panels & straps 3 Rigid enough to provide support

Side panel (7 & 8) Link between the back panels & cups 3

Good stretch and elasticity to
provide good silhouette. This is
especially important for those
with excess skin around the
armpit

Knitted and stretch woven fabrics come in varieties of styles and properties. A number
of their characteristics such as weight, knit type, spandex content (in the case of stretch
woven fabrics), and yarn density can impact the performance of the fabric [76,90]. Air
permeability, stretch and recovery, tear strength, tensile strength, moisture management,
and dimensional stability, for instance, are important in different measures depending on
the bra part. The choice of the fabric type—knitted vs. stretch woven -is the first step.
The next phase is to assess if these fabrics possess the required properties/performance
required for the specific bra part they are intended for. Literature shows that selecting
fabrics with adequate mechanical properties, comfort and durability will improve bra
satisfaction [10]. The ASTM D7019 standard is a document that outlines the standard
performance specifications for brassier, slip, lingerie and underwear fabrics [91]. It provides
a guideline to manufacturers and other trade partners in terms of acceptable fabrics with
respect to bras. Table 3 lists various mechanical performance (e.g., burst strength, tear
strength and breaking strength) and durability properties (e.g., dimensional stability, pilling
and color fastness) and the associated requirements found in ASTM D7019.

Table 3. Mechanical and durability requirements according to ASTM D7019 [91].

Property Test
Requirement

Knitted Woven

Mechanical

Burst strength 220N -

Tensile strength - 111N

Tear strength - 6.7N

Durability

Pilling Grade 4 Grade 4

Dimensional stability 5% 5%

Colorfastness: Laundering Grade 4 Grade 4

Colorfastness: Perspiration Grade 4 Grade 4

Interestingly, the ASTM D7019 document makes no mention of comfort and stretch
and recovery. However, these characteristics are critical to insure the performance of a
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bra and the satisfaction of the user. Stretch properties determine the clothing pressure
on the skin [79] and the ability of the fabric to recover after stretch [92], and contributes
highly to ease of motion [90]. It can also impact aesthetic properties and the production
process in terms of cutting [82]. The stretch and recovery property of fabrics is influenced
by weight, yarn type and structure amongst others [93,94]. Different standard test methods
are available to assess the fabrics’ stretch and recovery of textiles. This includes for example
ASTM D4864, ASTM D3107, and ASTM D2594 [95–97]. The fabric comfort characteristics
play a vital role as well [98,99]. Comfort properties include physical characteristics (e.g., air
permeability, porosity, cover factor) and hand properties (e.g., smoothness, softness). In
addition to being multifactorial, comfort is also high subjective, which makes it a relatively
complex phenomenon [100]. However, researchers agree that clothing should maintain a
good microclimate as a basis for providing comfort [74,101].

5.2. Bra Design

Bra design can vary greatly depending on the style and function [10]. Understanding
that each part is designed to achieve a specific task is an integral part of the process. For
example, the strap connects the cup and the back panel; while the back panel provides
support (Table 2). As a result, the strap and back panels must have adequate strength to
support the cup. Different requirements in terms of strength for the strap and back panels
will exist for different cup sizes because of the weight of breast tissues. In addition, the bra
should be designed in modules, such that the parts can be fitted to the individual body
shape. Modularity is a concept that was imported from computer science and engineering
into textiles to enhance textile design [102]. It is defined as the degree to which a product
may be separated, combined and recombined [103]. The purpose is to enhance performance
through versatility and accommodate differences [102].

Chen & Lapolla [104] explored the concept of modularity within Bye’s “research
through practice” design approach [105]. They described the benefits of modularity for
textiles in terms of waste reduction in labor, time and material. They also mentioned that
the infusion of modularity and design through practice optimizes garment design and fit.
In this roadmap, we propose that modularity is used to optimize the overall performance
of a bra beyond its design. An example of the implementation of modularity in bras design
and beyond can be found in the patent by Krawchuck [106]. The bra parts are preassembled
during production. They are adjusted during a one-fitting session before the final stitching
is done. Designing bras as modules that are adjustable during the fitting process is a
fundamental step in this roadmap. Each part of the bra is adjusted individually and relative
to each other to fit different breast shapes/sizes and overall body shapes prior to final
assembly.

Another important point of note in the design is interaction and compatibility. It is vital
to consider how each part will interact with the others to enhance the compatibility between
the different bra parts as well as the final fit, support, and comfort of the bra [102,107]. For
instance, accessories such as the hook and eye (item 5 in Figure 2) and strap sliders (item 1
in Figure 2) must be compatible with the whole bra assembly. In particular, they should not
cause any form of discomfort and/or limit the donning and doffing of the bra [108,109].
These accessories could potentially impact the wearability and useability of the bra. For
example, in the case of an early post-surgery state, great care should be taken to favor the
healing of the wound.

5.3. Customization and Fitting

Customization (also known as bespoke) is the process by which clothing is made for a
specific individual [110,111]. This process takes individuality into account by tailoring a
garment to a specific body type. This opposes to mass-production, where a few sizes and
body types are selected to cater to all [10]. Customization is popular in suit making and
less common in other forms of clothing [112]. This is due to certain limitations such as time,
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design and labor [53,112]. However, customized garments have been proven to offer better
fit and clothing satisfaction [113].

In reality, not everyone fits into mass- manufactured goods that are based on mod-
els [111]. Custom-made bras as an alternative to mass-manufactured bras could mitigate
the dissatisfaction of users [51]. Custom-made bras made with carefully selected fabrics for
the individual bra parts are likely to provide maximum mechanical support and functional-
ity. Furthermore, custom-made bras will factor in the experience of the user, such as breast
surgery and weight loss. Based on the intended use of the bra, customization also allows
users to determine the level of performance such as strength needed. This may be based on
the type of activity, breast volume, and/or previous experience [54,55,114].

Mass-production of specialized bras such as sports bras and mastectomy bras limits
their performance as it does not allow them to take into account each user’s body type
and/or breast shape/size. Thus, it reduces the potential to provide optimum fit, support,
and comfort [113]. Therefore, we hypothesize that these bras could perform better if they
were not mass-manufactured but custom-made.

A limitation to custom-made bras is higher cost and limited variety of styles [113].
However, in terms of cost, research has shown that consumers are willing to pay for
value and comfort [114,115]. According to Tsorenko & Lo, custom-made bras are more
comfortable [114]. Regarding styles, every woman has their “favorite bras “; these are
bras that fit the most, and come in their desired style [56]). Getting one’s favorite bra style
may be difficult with currently available custom-made bras [69]. Thus, we hypothesis that
increasing the choice of styles in custom-made bras will greatly improve the adoption of
custom-made bras. In addition, the associated cost is generally not likely to be a limiting
factor if there is a significant gain in fit, support, and comfort.

Finally, it is critical to differentiate between custom making and custom design as the
two expressions are often used interchangeably. Custom making is bespoke, i.e., fitted to
the wearer, while custom design is a unique concept, idea or innovation that can be applied
to a variety of bra sizes during production.

5.4. Wear Trial

Wear trials can be conducted either by interviews or through online or paper-based
surveys [116]. They have been successfully used to analyze the performance of finished
goods. The purpose is to test functionality, compatibility and user-friendliness of the
goods [117]. With regard to bras, very little information in terms of the results of wear trials
has been documented or shared by manufacturers. However, some investigations have
been performed for research purposes using mass-manufactured bras.

Bowles et al. administered a mail survey to quantify the breast support obtained
from different bra styles in regular bras [118]. Their survey results showed that over 65%
of the participants chose an encapsulating bra especially for intense activities, because it
reduced breast motion significantly. However, in terms of fit, they went for other options
such as a V-shaped bra. Furthermore, they reported that the difficulty to obtain a good fit
increased with increasing breast volume. Similarly, Chan et al. conducted an interview
survey with 80 women to gain women’s perspective on bra design and common causes
of discomfort [119]. The focus was on fit, support, cup shape, underwire, sizing, elasticity
and fasteners. The survey results highlighted bra straps, cups and underwire as major
areas of discomfort. Accordingly, Brown et al. carried out an online survey involving 30
marathon female athletes [55]. 75% of participants reported bra fit issues that included
shoulder straps digging in, which was predominant in women with bigger breasts.

Naismith & Street compared the usefulness of a special post-surgical bra called Cardi-
bra with that of a regular bra [120]. The method involved clinical trials where participants
wore the bras and then answered interview questions. The results indicated that the
Cardibra might have beneficial therapeutic effects on pain levels and wound healing up
to day 14 after cardiac surgery due to the ability of the bra to keep the breast in position
and provide the needed support. In another study, Bolling et al. used a paper-based
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investigator-developed survey to evaluate the satisfaction and compliance level of com-
mercial mastectomy bras [121]. The study involved 60 post-cardiac surgery large-breasted
women. They reported that the bras fell short of compliance and were uncomfortable,
which made the clients dissatisfied. Furthermore, Hummel & Charlbois surveyed 20 post-
cardiac surgery female patients wearing post-surgical bras for one to three weeks after
surgery [73]. The participants answered survey questionnaires after each week. In their
findings, over 75% of them acknowledged the usefulness of the post-surgical bra but indi-
cated the need for fit. Additionally, Greenbaum et al. interviewed 103 women who were
using a post-surgical bra and/or breast prosthesis [56]. They concluded that women who
undergo surgery often experience difficulty in obtaining a well-fitted bra, which would
significantly improve their quality of life after surgery. These studies show that different
bra products can provide different levels of satisfaction. Thus, conducting a wear trial of
products before their commercialization is important to ensure that they meet the users’
needs.

Human trials thus appear as an effective way to test product performance and cus-
tomer satisfaction. In addition, for individuals with atypical breast shape/size, it is critical
to ensure that they obtain functional bras that respond to their needs.

5.5. Translational Approaches to Patients

The reduction in quality of life experienced by those with atypical breasts shape/size
includes ill-fit, uncomfortable pressure sensations, and breast pain especially those with
large breasts [39,40]. For those with large breasts, most studies have assessed the impact
of bra fit and support on their overall comfort during intense activities, but rarely from a
patient perspective. Individuals with voluminous breasts tend to have increased breast
displacement as motion increases. McGhee et al. [122] assessed the bra-breast force and
its implication on sports bra design. They found a significant correlation between breast
mass and breast displacement. They concluded that developing bras that can significantly
reduce breast displacement is critical to the comfort of these individuals during physical
activities even in motion as low as walking [122]. Coltman et al. [19] conducted an analysis
to assess which bra components contribute to incorrect bra fit in women across a range of
breast sizes. Incorrect fit was predominantly due to the cups, front band and straps [19].

Regarding postmastectomy and/or mammoplasty patients, most studies have been
from a clinical perspective [74]. Hummel & Charlebois [74] assessed the effectiveness of
surgical support bras after a cardiac surgery. A total of 77% of the participants expressed
that the bras contributed to a reduction in pain by providing support. However, some
participants stated that the bras did not fit and was unwearable. They reported that
appropriate training on bra use and making available a broader range of sizes would help
improve fit and wear-ability [74]. Nicklaus et al. [75] assessed the need for undergarment for
post-mastectomy patients as a key survivorship consideration. They concluded that ready-
to-wear surgical bras do not adequately cater to the needs of postmastectomy patients.

This roadmap will have evident benefits on mastectomy patients and those undergoing
various medical treatments affecting the breasts and the torso as it allows providing a more
holistic perspective and improve their overall quality of life beyond the medical treatment.
As illustrated in Figure 3, the process begins with determining the specific category of
the intending bra user (T1), which defines the purpose of the bra. Next, the best fabric is
selected for the production of the modular parts (T2), which are pre-assembled. The fitting
(T3) is done within one session and allows that each client is catered for based on their
specific needs. Finally, the modular pieces are stitched to their final position and the bra is
delivered to the client who wears it to assess its fit, support, and comfort.
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6. Conclusions

The objective of the paper is to contribute to filling the gap in terms of critical review
of the current state of knowledge around the topic of bras and identify possible avenues
of improvements in this area. The challenges experienced by bra users, especially those
with atypical breast shape/size and body type are mainly related to issues of fit, support
and comfort. As the current strategies to solve the challenges do not appear to have
yield successful results yet, a need exists to re-evaluate bras from the user’s perspective,
especially within the context of individuals of the target audience. As a result, a road map
is proposed to provide bras suited to individuals with atypical breast shape/size and body
type, and improve the bra performance and functionality.

This roadmap takes the perspective of the bra user. As the problem is multidisciplinary,
a human-centered interdisciplinary approach is key to ensure that all aspects are considered
at all stages of the process: (1) fabric analysis, (2) bra design and patterning, (3) fitting
procedure, and (4) wear trials of prototypes. The fabric should have the ability to provide
the necessary mechanical support and provide breathability to increase comfort. In addition,
the fabric choice should be based on the function and requirements of each bra part. Stretch
woven fabrics offer a large potential in the production of bras to provide added support in
areas such as the under band and back panels. Furthermore, custom-making the bra by
fitting it directly on the user will increase the likelihood that optimum fit is achieved. Finally,
it is important that the bra design, selected fabrics, fitting procedure, and performance of
the bra as a whole assembly are tested by the intended user. This will ensure the useability,
wearability, and durability of the bra.

The novelty of this review thus lies in the proposed scientific approach in the analysis
of fabrics for the purpose of bra production from the lens of the bra parts and the function
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they perform, with the use of stretch woven fabrics to provide the needed strength and
support required by bra users. This article also describes a new custom-fitting process for
bespoke bras using pre-assembled modular pieces that is currently put to the trial. If current
limitations exist in terms of cost and limited variety of styles, the change in paradigm
brought by this new bespoke manufacturing process along with the implementation of the
different aspects of the proposed roadmap, including in terms of translational approaches
to patients, will hopefully allow progress to be made in improving the comfort, support and
fit of bras and enhancing the quality of life of individuals with atypical breast shape/size
and body type.
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Abstract: The objective of this work was to evaluate Turkey red oil as a renewable dispersant and
leveling option for dyeing polyester knitted fabric with disperse dyes. The dyeing results were
evaluated by measuring the color at several positions of the dyed samples to verify the levelness.
In addition, the amount of residual dye was evaluated. Migration tests were also carried out to
evaluate the leveling effectiveness of Turkey red oil. Wet rubbing and washing fastness analysis,
hydrophilicity, thermogravimetric analysis (TGA), surface analysis with scanning electron microscopy
(SEM) and modification of functional groups by FTIR were also carried out. The results obtained in
the analyses show that Turkey red oil is efficient as a dispersant and leveling agent when compared
to the well-known sodium naphthalene sulfonate. It is concluded that Turkey red oil reduces the time
of the dyeing process and consequently its energy consumption, and reduces the amount of effluent
generated while improving hydrophilicity and fastness, thus being a renewable and sustainable
option for current products based on petroleum.

Keywords: environmentally friendly dispersing agent; dye dispersion; equalization; textile sustainability;
sustainable dyeing; turkey red oil

1. Introduction

The textile industry has faced strong competition from products imported at low
prices from eastern countries. For this industry to remain competitive, textile companies
have sought defensive strategies to differentiate their products [1].

As environmental pollution is a problem faced worldwide [2], there is a growing
ecological concern with the textile dyeing and finishing industries, as they are responsible
for high environmental impacts. This is due to high water consumption, high energy
use and a large use of chemicals, many of which are dangerous to human health and the
environment. For this reason, in recent years, efforts have been made to implement natural
and safer molecules in these processes [3].

To guarantee the sustainable growth of the textile industry, the development of a
dyeing process with ecological textiles is essential [4]. Therefore, it is important to establish
environmental policies that encourage the development of new technologies that emphasize
sustainability [5].

Polyester fibers, synthetic fibers formed from polymers that use resins derived from
petroleum as a raw material [6,7], face a challenging dyeing process, with high energy
consumption and a significant amount of water required. The most common dyes used to
dye polyester fibers are disperse dyes, which are practically insoluble in water. Thus, it is
necessary to use dispersing agents to keep them dispersed in water, keeping the dyes in
fine dispersion and preventing the occurrence of dyeing particle coalescence. To obtain a
dyeing with an adequate level of absorption, it is necessary to heat it up to temperatures
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close to 130 ◦C. Recent studies have looked for alternative processes for dyeing polyester
with non-hazardous and more ecological compounds that also require less energy in the
overall dyeing process [8–10].

There is a growing demand for renewable resources due to the depletion of oil reserves.
Therefore, the importance of renewable resources is rapidly increasing, and one of the
sources of renewable and sustainable fatty acids is seed oils, which can be used to prepare
a series of oleochemicals, which replace petrochemicals for industrial applications [11].

Turkey red oil (TRO) is increasingly becoming an important bio-based feedstock for
industrial applications. The presence of a hydroxyl group, a double bond, a carboxylic
group and a long-chain hydrocarbon in ricinoleic acid (one of the main components of the
oil) offers several possibilities to transform the compound into different materials. The
oil is therefore a potential alternative to petroleum-based starting chemicals to produce
materials with various properties [12].

According to Kosolia et al. [13] and Gharanjig et al. [14], there are several options under
study for the replacement of derivatives of the compound sodium naphthalene sulfonate
(SNS), which is a commonly used commercial dispersant derived from petroleum. Castor
oil has the ability to moisten and disperse dyes, pigments and fillers [15]. Sulfonation,
which is the reaction with sulfuric acid, is among the main chemical reactions of castor
oil [16,17], where sulfuric acid esters are obtained, in which the hydroxyl group of ricinoleic
acid is esterified, thus providing characteristics specific to the TRO, which is widely used
in the textile industry [12].

The present work aims to evaluate TRO as a renewable dispersant and leveling option
in polyester dyeing with disperse dye. Thus, the goal is to contribute to the community,
seeking to study the variables that allow the development of a more sustainable process
compared to the standard currently adopted by the industries.

2. Materials and Methods

This research used Interlock knitted fabric, trade name Dry Sport, with 100% PES
(polyester) composition, average weight of 130 g/m2, yarn count of 75 DEN/72 filaments
and purged at 60 ◦C with 1.0 g·L−1 of WK Fiberclean LC 8 (anionic surfactant supplied by
the company Werken Química, Indaial, Brazil), supplied by the company Texneo, Indaial,
Brazil. The dye used was Large Molecule-Disperse Orange 29 Brown Colorpes D-FRL
200%. Turkey red oil (TRO) and sodium naphthalene sulfonate (SNS), supplied by Werken
Química, Indaial, Brazil, were used for comparative tests as dispersants and leveling agents.

A statistical design of rotational central composite was carried out, with a factorial
experiment base 22, with α =

√
2, plus four points of combinations of levels −1 and +1

and the central point (Table 1) to achieve greater model robustness. The tests were carried
out at a standard temperature of 130 ◦C and pH of 4.5–5.0, and the values obtained in the
color analysis were considered as the response. All treatments were performed in triplicate.
Subsequently, the study of temperature variation was carried out. Statistical analysis of
results was performed using analysis of variance (ANOVA) with 5% significance, with the
aid of Statistica 13.0 software.

Table 1. Levels and variables studied in the factorial design.

Variables Level
(−α)

Level
(−1)

Level
(0)

Level
(+1)

Level
(+α)

(X1) Process Time (min) 8.8 15.0 30.0 45.0 51.2
(X2) TRO Concentration (g·L−1) 0.6 1.0 2.0 3.0 3.4

The dyeing tests were performed in a Laboratory Dyeing Machine, model IR Dyer,
brand Texcontrol. The dyeing process was started at room temperature, with 5 g of
polyester, 1.0% owf (on weight of fiber) of dye. The material-to-liquor ratio was 1:10. As
the standard sample, 2.0 g·L−1 of SNS was used, while for other tests, the concentration
of TRO was varied, with heating at 35 ◦C/min until it reached 130 ◦C, then remaining for
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various process times, as shown in Table 1. After the process time, the dyeing solution was
cooled and removed (which was reserved for color measurements by absorbance). A new
solution was used for reductive washing, containing 2.0 g·L−1 of 100% sodium hydroxide
and 4.0 g·L−1 WK Redux ECO 120, heated to 70 ◦C, with a gradient of 5 ◦C/min, remaining
for 20 min at 70 ◦C. Then, the reductive solution was released and a new bath was added
containing 0.6 g·L−1 acetic acid, remaining at room temperature for 10 min. The solution
was discharged, and the polyester fabric was dried at 120 ◦C and subsequently thermofixed
with a stenter at 160 ◦C for 30 s.

To verify the influence of temperature on the dyeing process, tests were carried out
with dyeing at 120 ◦C and 30 min. Furthermore, to understand the exhaustion process,
dyeing tests were carried out at temperatures of 80 ◦C, 100 ◦C and 115 ◦C. Table 2 shows
the chemicals and processes.

Table 2. Products used in the dyeing process at different temperatures and washes.

Process/Products Un Control Standard TRO Tests

Dyeing
SNS g·L−1 - 2.0 -
TRO g·L−1 - - 2.0 *

Acetic Acid 100% g·L−1 0.3 0.3 0.3
Brown Colorpes D-FRL 200% % owf 1.0 1.0 1.0

Process Time min 30 30 30 *

Reductive Washing—70 ◦C—20 min
WK Redux ECO 120 g·L−1 4.0 4.0 4.0
Sodium Hydroxide g·L−1 2.0 2.0 2.0

Final Washing
Room Temperature—10 min

Acetic Acid 100% g·L−1 0.6 0.6 0.6
* Except for the dyeing at 130 ◦C, which varied the TRO concentration and time according to Table 1.

After the dyeing, the baths’ absorbance was measured to verify the depletion of the
dyeing solution and to determine the residual dye concentration.

The migration test was conducted starting from a material weight of 10 g. Initially,
50% of the sample (5 g) was placed in the dyeing equipment, with dye and at a material-
to-liquor ratio of 1:10 and 100% acetic acid to adjust pH at 4.5–5.0. Then, the sample
was heated with a gradient of 3.5 ◦C/min up to 130 ◦C for 30 min and cooled to room
temperature. Later, without removing the solution or the dyed material, 50% of the missing
material (another 5 g) was added, as well as the leveling agent under test, plus water to
keep the material-to-liquor ratio of 1:10. Heating was performed again, with a gradient of
3.5 ◦C/min, remaining at a level of 30 min, cooled to 60 ◦C and the solution was released,
samples were removed, dried at 120 ◦C and subsequently thermofixed.

A hydrophilicity test by capillarity was carried out based on the JIS L 1907:2004
standard. To determine the degree of dispersion under specific conditions in aqueous
medium, the AATCC Test Method-146-2001 was used.

For the wetting test, three beakers were prepared, one with water only, one with
2.0 g·L−1 of SNS and the other with 2.0 g·L−1 of TRO (Turkey red oil). The fabric was 100%
PES, with an average weight of 130 g/m2, yarn count of 75 DEN/72 filaments, purged and
cut in the size of 2 × 2 cm. The time for submersion in each of the solutions was recorded
and the tests were performed in triplicate.

An alternative to measure wetting efficiency is to check how long it takes for a drop
of solution placed on the textile material to be absorbed. High-efficiency wetting is when
the contact angle of the droplet and textile material is zero. To facilitate the visualization,
a solution with 0.1 g·L−1 of disperse dye (Turquoise Colorpes GL 200%) was prepared
to be the blank test (control). Additionally, two more solutions were prepared, one with
2.0 g·L−1 of SNS and another with 2.0 g·L−1 of TRO. The solutions were dropped onto the
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PES fabric and the time was recorded until total absorption of each drop of the solutions.
The test was performed in triplicate.

The measurements were performed in a UV absorbance spectrophotometer VIG–M51
from BEL Photonics. A scan was performed to check the maximum absorption wavelength
of the dye solution. Readings were taken at 5 points of different dye concentrations
(10 mg·L−1 to 50 mg·L−1) to determine the calibration curve, which was used to obtain
the correlation between the absorbance reading and the dye concentration. To investigate
the ionic demand of the products used in the solution (SNS and TRO), a particle charge
detector equipment, Mutek PCD 05, was used.

Readings of the coloristic properties of the fabrics after dyeing were performed with
the DATACOLOR 500 spectrophotometer. Datacolor Tools software version 2.3.1 was used
to analyze the CIE L*a*b* coordinates, ∆E and K/S. The rubbing fastness test was carried
out under the ABNT NBR ISO 105-X12 standard. Washing fastness tests were conducted
according to the ABNT NBR ISO 105-C06 standard.

The morphological analysis of the samples was performed using a conventional scan-
ning microscope with a tungsten filament, with acceleration voltage from 0.5 to 30 kV
and magnification between 25× and 300,000×. For the chemical characterization of func-
tional groups, the samples were analyzed by an ATR module, making 20 scans from 400
to 4000 cm−1 with a resolution of 4 cm−1. To evaluate the thermal stability of polyester
through a thermogravimetric analysis, Netzsch equipment, model STA 449 F3 Jupiter, was
used, using an alumina crucible, gas flow of 60 mL/min, a heating rate of 10 ◦C/min, a
nitrogen atmosphere and a temperature range from 30 to 700 ◦C.

In addition to the analysis of dyed substrates and dyeing solutions, comparison
analyses were also carried out between SNS and TRO products through filtration dispersion
tests, wetting tests and ionic charge tests. The dispersion test was based on the test method
AATCC-146-2001 (dispersibility of dispersed dyes: Filter Test) and evaluated the residues
present on the filters using the residue scale (Figure 1)
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Figure 1. Filter residue scale (scale: 5: excellent, 3: intermediate values are interpolated, 1: poor).

3. Results
3.1. Dyeing

Dyeing tests were carried out at 130 ◦C, with 1% Orange 29 disperse dye, with stan-
dard (2.0 g·L−1 SNS), control (without dispersant) and different concentrations of TRO at
different process times; all tests were performed in triplicate. The color measurements of
the dyed polyester mesh samples were carried out with the sample folded, taking read-
ings at four different points of the sample, from which an average value was determined.
Table 3 shows the CIE coordinates L*a*b* and K/S (color strength) reading values of the
dyed samples.

The ∆E values (color deviation), in relation to the standard, indicate that the color
of polyester dyed at 130 ◦C did not show major changes for the control, for the different
TRO concentrations or for different process times. Knowing that the color difference is only
perceptible to the human eye with ∆E above 1, only in samples from treatments 5 and 6
would it be possible to perceive the color difference. In Figure S1 (Supplementary Material),
it is possible to visualize the photos of the samples from the 13 treatments, as well as the
standard and the control sample. An important observation is that the samples treated with
2.0 g·L−1 TRO and 15 min showed K/S values slightly higher than the standard treated
with 30 min. With the K/S data, a statistical analysis was carried out to effectively verify
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the response of the concentration of TRO. It was observed that both the TRO concentration
factor and the process time factor are significant. Tables 4 and 5 show the effects of the
parameters studied and the results of the analysis of variance (ANOVA).

Table 3. CIE L*a*b* coordinates, ∆E and K/S of the dyed samples.

Treatment Process Time
(min)

TRO
(g·L−1) L* a* b*

∆E
in Relation

to the
Treatment
with SNS

K/S

2.0 g·L−1 SNS 30.0 0.0 59.75 ± 0.13 38.59 ± 0.15 53.83 ± 0.09 - 123.7 ± 0.5
Control 30.0 0.0 59.73 ± 0.34 37.95 ± 0.15 53.54 ± 0.21 0.72 ± 0.29 124.6 ± 0.3

1 8.8 2.0 60.07 ± 0.21 38.88 ± 0.29 54.21 ± 0.28 0.49 ± 0.18 122.0 ± 2.5
2 15.0 1.0 60.08 ± 0.23 39.18 ± 0.50 54.46 ± 0.24 0.74 ± 0.01 122.4 ± 0.9
3 15.0 2.0 59.98 ± 0.19 39.16 ± 0.31 54.57 ± 0.23 0.86 ± 0.26 124.2 ± 1.5
4 15.0 3.0 59.84 ± 0.29 39.02 ± 0.12 54.29 ± 0.30 0.61 ± 0.13 124.3 ± 0.2
5 30.0 0.6 59.92 ± 0.28 39.20 ± 0.18 54.62 ± 0.02 1.07 ± 0.02 126.6 ± 0.1
6 30.0 1.0 59.64 ± 0.10 39.51 ± 0.09 54.90 ± 0.04 1.39 ± 0.02 127.1 ± 0.9
7 30.0 2.0 59.83 ± 0.06 39.11 ± 0.15 54.26 ± 0.16 0.80 ± 0.12 126.0 ± 0.5
8 30.0 3.0 60.10 ± 0.07 38.95 ± 0.08 54.45 ± 0.21 0.81 ± 0.27 124.4 ± 1.8
9 30.0 3.4 59.91 ± 0.15 38.99 ± 0.23 54.29 ± 0.13 0.54 ± 0.06 123.6 ± 0.9

10 45.0 1.0 60.33 ± 0.31 38.64 ± 0.30 54.35 ± 0.21 0.98 ± 0.14 124.0 ± 1.3
11 45.0 2.0 60.29 ± 0.20 38.78 ± 0.15 54.29 ± 0.05 0.78 ± 0.18 124.3 ± 0.7
12 45.0 3.0 60.53 ± 0.08 38.46 ± 0.11 54.16 ± 0.12 0.79 ± 0.05 121.7 ± 0.6
13 51.2 2.0 59.92 ± 0.27 39.03 ± 0.23 54.33 ± 0.21 0.63 ± 0.16 123.5 ± 1.3

Table 4. Effects of studied parameters and analysis of variance of TRO concentration and time.

Factor Effect p-Value Error

Average Values 126.3258 0.000000 0.625462
(1) TRO Concentration (L) −1.4944 0.016298 0.541904

TRO Concentration (Q) −1.5359 0.093588 0.848942
(2) Time (L) 0.1353 0.808066 0.545578

Time (Q) −4.1654 0.000344 0.866837
1 L by 2 L −1.9975 0.035844 0.853391

Table 5. Results of the analysis of variance (ANOVA).

Factor SS df mS F p-Value

(1) TRO Concentration (L) 11.07658 1 11.07658 7.60466 0.016298
TRO Concentration (Q) 4.76776 1 4.76776 3.27332 0.093588

(2) Time (L) 0.08953 1 0.08953 0.06147 0.808066
Time (Q) 33.63296 1 33.63296 23.09082 0.000344
1 L by 2 L 7.98001 1 7.98001 5.47870 0.035844
Lack-of-Fit 9.91707 7 1.41672 0.97266 0.489424
Pure Error 18.93517 13 1.45655

SS Total 84.04264 25

The ANOVA analysis demonstrates that the TRO concentration (L), time (Q) and the
interaction between the studied factors are significant. It is observed that they appear as
negative values, which indicates that when varying the factors from their lowest values
(−1) to values of higher levels (+1), there is a reduction in the value of K/S. This result
demonstrates that the values studied were properly chosen and that intermediate values of
both factors are sufficient to maximize the color values of polyester dyeing using Turkey
red oil (TRO) as a dispersing agent, as can be seen in Figure 2.
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Figure 2. K/S response surface as a function of TRO concentration and treatment time at 130 ◦C.

Values in red in Tables 4 and 5 indicate the relevant factors at a significance level of
5%. If the p-value is greater than the significance level, the test detects no fit (lack-of-fit test).
Observing the K/S (color strength) response surface as a function of TRO concentration
and treatment time, it is verified that there are central points with better K/S results.

Analyzing the K/S values in Figure 2, it can be seen that the highest K/S values
are found in the central conditions, between 1.0 and 2.0 g·L−1 TRO in the process times
between 30 and 40 min, and the critical values are 1.41 g·L−1 of TRO and 32.3 min.

From the statistical analysis of the data, it was possible to present the statistical model
that generated the response surface curve, according to Equation (1).

The R2 value of the response surface curve was 0.6567, a value that is justified because
there are deviations related to the dyeing process itself, especially in terms of washing
steps. The R2 value accounts for 65% of the variation due to the proposed factors (TRO
concentration and time) and 45% can be by virtue of the fluctuation of the reductive
washing. However, the efficiency of surface dye removal and the degree of influence on the
properties varies significantly with the particular dye [18].

In the case of polyester, reductive washing in the laboratory has limitations in terms
of reproducibility. Analyzing the residual variance, the lack-of-fit test was not signifi-
cant (p-value > 0.05) for the predicted model, implying that the experimental data were
well fitted.

Y = 126.3 − 0.747 x1 + 0.0676 x2 − 0. 768 x1
2 − 2.0827 x2

2 − 0.998 x1x2 (1)

3.1.1. Dyeing Levelness Analysis

Dyeing levelness indicates the efficiency of dye absorption in the process. The smaller
the presence of undesirable stains, the higher the quality of the product.

To evaluate the uniformity of the dyeing, color measurements were performed on the
dyed samples at four different points (four quadrants): upper front, lower front, upper
back and lower back; then, the average was determined.

All measurements performed on the dyed samples showed ∆E below 1, in relation to
the average of the sample itself, indicating that the dyeing is even. According to the results
obtained for ∆E (color deviation) and K/S of the dyed samples, it was decided to select
the dyeing samples at 130 ◦C for 30 min of treatment with 2.0 g·L−1 of TRO (Treatment 7),
from the standard (SNS) and the control (without dispersant), for the comparison of results
using the same amount of product. Table 6 shows the readings by quadrants of the samples
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as well as the ∆E values and mean standard deviation of each sample, and Figure 3 shows
the residual dyeing solutions of these treatments.

Table 6. Color readings by quadrants. Note: a ∆E was calculated concerning the mean of its
own sample.

SNS—Sample 01 L* a* b* ∆E a

1st Quadrant Reading 59.73 38.11 53.07 0.47
2nd Quadrant Reading 60.27 38.04 53.42 0.30
3rd Quadrant Reading 60.04 38.26 53.75 0.31
4th Quadrant Reading 59.93 38.19 53.61 0.17

Average of 4 Quadrants 59.99 38.15 53.46 0.31
Mean Standard Deviation 0.23 0.10 0.29 0.13

SNS—Sample 02 L* a* b* ∆E a

1st Quadrant Reading 59.75 38.30 53.60 0.22
2nd Quadrant Reading 59.93 38.52 53.89 0.23
3rd Quadrant Reading 59.99 38.25 53.58 0.20
4th Quadrant Reading 60.00 38.34 53.87 0.16

Average of 4 Quadrants 59.92 38.35 53.74 0.20
Mean Standard Deviation 0.12 0.12 0.17 0.03

SNS—Sample 03 L* a* b* ∆E a

1st Quadrant Reading 59.90 38.13 53.65 0.22
2nd Quadrant Reading 59.75 38.12 53.65 0.08
3rd Quadrant Reading 59.46 38.24 53.88 0.35
4th Quadrant Reading 59.60 38.03 53.32 0.33

Average of 4 Quadrants 59.68 38.13 53.63 0.25
Mean Standard Deviation 0.19 0.09 0.23 0.13

Control—Sample 01 L* a* b* ∆E a

1st Quadrant Reading 59.07 37.96 53.15 0.27
2nd Quadrant Reading 59.10 38.05 53.35 0.24
3rd Quadrant Reading 59.15 37.68 53.28 0.19
4th Quadrant Reading 59.58 37.69 53.55 0.44

Average of 4 Quadrants 59.23 37.85 53.33 0.28
Mean Standard Deviation 0.24 0.19 0.17 0.11

Control—Sample 02 L* a* b* ∆E a

1st Quadrant Reading 59.66 37.41 53.10 0.08
2nd Quadrant Reading 59.47 37.40 53.07 0.20
3rd Quadrant Reading 59.20 37.85 53.36 0.64
4th Quadrant Reading 60.21 37.01 53.16 0.70

Average of 4 Quadrants 59.64 37.42 53.17 0.40
Mean Standard Deviation 0.43 0.34 0.13 0.31

Control—Sample 03 L* a* b* ∆E a

1st Quadrant Reading 59.22 37.58 53.20 0.27
2nd Quadrant Reading 59.02 38.00 53.47 0.30
3rd Quadrant Reading 59.67 37.83 53.63 0.52
4th Quadrant Reading 58.94 37.72 53.24 0.31

Average of 4 Quadrants 59.21 37.78 53.39 0.35
Mean Standard Deviation 0.33 0.18 0.20 0.11

TRO—Sample 01 L* a* b* ∆E a

1st Quadrant Reading 59.41 39.46 54.53 0.52
2nd Quadrant Reading 59.82 39.20 54.39 0.06
3rd Quadrant Reading 60.00 38.99 54.46 0.25
4th Quadrant Reading 60.04 38.97 54.35 0.30

Average of 4 Quadrants 59.82 39.16 54.43 0.28
Mean Standard Deviation 0.29 0.23 0.08 0.19
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Table 6. Cont.

TRO—Sample 02 L* a* b* ∆E a

1st Quadrant Reading 59.90 38.63 54.13 0.28
2nd Quadrant Reading 59.75 39.06 54.51 0.41
3rd Quadrant Reading 60.14 38.66 54.27 0.19
4th Quadrant Reading 60.23 38.76 54.47 0.26

Average of 4 Quadrants 60.01 38.78 54.35 0.29
Mean Standard Deviation 0.22 0.20 0.18 0.09

TRO—Sample 03 L* a* b* ∆E a

1st Quadrant Reading 59.81 39.35 54.72 0.44
2nd Quadrant Reading 59.96 39.35 54.58 0.30
3rd Quadrant Reading 60.21 38.71 54.21 0.48
4th Quadrant Reading 60.13 38.95 54.26 0.25

Average of 4 Quadrants 60.03 39.09 54.44 0.37
Mean Standard Deviation 0.18 0.32 0.25 0.11
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Figure 3. Residual dyeing solution: control, SNS and treatment 7—130 ◦C.

The concentrations of the dyeing effluents were determined from the measurement of
the absorbance at a wavelength of λ = 310 for all treatments, were is possible to compare
visually the dye concentration (Figure 4). The absorbances of the dispersants/leveling
agents in water and without dye, and of the solutions with 2.0 g·L−1 of SNS and 0.6 g·L−1,
1.0 g·L−1, 2.0 g·L−1 and 3.4 g·L−1 of TRO were also measured.
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With the absorbance data of the residual dyeing solutions, deducted from the value ob-
tained from the solutions containing only the dispersants, the actual residual concentration
of dye in each solution was calculated, as shown in Table 7.

Table 7. Residual dye concentration obtained from absorbance reading.

Treatment Plateau
Time (min)

TRO
(g·L−1)

g·L−1 of Residual Dye
According to

Absorbance Reading

Mean
Standard
Deviation

2.0 g·L−1 SNS 30.0 0.0 0.41 0.01
Control 30.0 0.0 0.41 0.00

1 8.8 2.0 0.40 0.00
2 15.0 1.0 0.43 0.00
3 15.0 2.0 0.41 0.01
4 15.0 3.0 0.42 0.01
5 30.0 0.6 0.42 0.01
6 30.0 1.0 0.41 0.01
7 30.0 2.0 0.40 0.00
8 30.0 3.0 0.43 0.01
9 30.0 3.4 0.44 0.01

10 45.0 1.0 0.40 0.00
11 45.0 2.0 0.40 0.01
12 45.0 3.0 0.40 0.01
13 51.2 2.0 0.40 0.00

As seen in Figure 3, it is observed that the residual dyeing solution with SNS presents
greater color intensity. This is due to the color depth of the SNS. The comparison between
the solutions with dispersants (without dye) with the concentration of the dye is shown in
Table 8.

Table 8. Comparison of the dispersant with the residual dye concentration.

Solution Residual Dye (g·L−1) Mean Standard Deviation

2.0 g·L−1 SNS 1.50 0.01
0.6 g·L−1 TRO 0.01 0.00
1.0 g·L−1 TRO 0.01 0.00
2.0 g·L−1 TRO 0.01 0.00
3.0 g·L−1 TRO 0.02 0.00
3.4 g·L−1 TRO 0.02 0.00

It is observed that when adding SNS, there is a significant increase in the color of the
effluent, while with the addition of TRO, this increase is extremely small; considering the
mean standard deviations of the solutions, it can be considered insignificant.

3.1.2. Dyeing at a Temperature of 120 ◦C—30 min

Dyeing tests were performed at 120 ◦C for 30 min, with 1% Orange 29 Disperse Dye,
with standard (2.0 g·L−1 SNS), control (without dispersant) and 2.0 g·L−1 of TRO. Color
strength (K/S) measurements of the dyed polyester mesh samples were taken at four
different points with the folded sample, and then an average value was determined. In
Figure 5, it is possible to visualize photos of the dyed fabric samples dyed at 120 ◦C and
the residual dyeing solutions.

The results obtained for K/S and dye concentration in the residual dyeing solutions at
120 and 130 ◦C for 30 min are shown in Figures 6 and 7, respectively.

Analyzing the results, it is possible to verify that with the decrease in temperature,
there is a loss of K/S, both in the standard treatment with SNS (sodium naphthalene
sulfonate—control) and in the treatment with TRO (Turkey red oil). This demonstrates that
there is lower dye incorporation with decreasing temperature, which is corroborated by
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the dye concentration in the residual solution. At 120 ◦C, there was an increase in the dye
concentration in the residual solution.

Textiles 2023, 3, FOR PEER REVIEW 10 
 

 

13 51.2 2.0 0.40 0.00 

Table 8. Comparison of the dispersant with the residual dye concentration. 

Solution Residual Dye (g·L−1) Mean Standard Deviation 
2.0 g·L−1 SNS 1.50 0.01 
0.6 g·L−1 TRO 0.01 0.00 
1.0 g·L−1 TRO 0.01 0.00 
2.0 g·L−1 TRO 0.01 0.00 
3.0 g·L−1 TRO 0.02 0.00 
3.4 g·L−1 TRO 0.02 0.00 

3.1.2. Dyeing at a Temperature of 120 °C–30 min 
Dyeing tests were performed at 120 °C for 30 min, with 1% Orange 29 Disperse Dye, 

with standard (2.0 g·L−1 SNS), control (without dispersant) and 2.0 g·L−1 of TRO. Color 
strength (K/S) measurements of the dyed polyester mesh samples were taken at four dif-
ferent points with the folded sample, and then an average value was determined. In Figure 
5, it is possible to visualize photos of the dyed fabric samples dyed at 120 °C and the re-
sidual dyeing solutions. 

 
Figure 5. Photos of the knitted fabrics and the residual dyeing solutions at 120 °C—30 min. 

  

Figure 5. Photos of the knitted fabrics and the residual dyeing solutions at 120 ◦C—30 min.

Textiles 2023, 3, FOR PEER REVIEW 11 
 

 

The results obtained for K/S and dye concentration in the residual dyeing solutions 
at 120 and 130 °C for 30 min are shown in Figures 6 and 7, respectively. 

 
Figure 6. K/S values of dyeing samples at 130 and 120 °C. 

 
Figure 7. Dye concentration in the residual dyeing solutions at 130 and 120 °C. 

Analyzing the results, it is possible to verify that with the decrease in temperature, 
there is a loss of K/S, both in the standard treatment with SNS (sodium naphthalene sul-
fonate—control) and in the treatment with TRO (Turkey red oil). This demonstrates that 
there is lower dye incorporation with decreasing temperature, which is corroborated by 
the dye concentration in the residual solution. At 120 °C, there was an increase in the dye 
concentration in the residual solution. 

  

Figure 6. K/S values of dyeing samples at 130 and 120 ◦C.

3.1.3. Dyeing at Temperatures of 80, 100 and 115 ◦C

In Figure S2 (Supplementary Material), it is possible to visualize the fabrics dyed at 80,
100 and 115 ◦C, as well as the residual solutions of dyeing at 80, 100 and 115 ◦C. Table 9
presents the K/S data and dye concentration in the residual solutions.

Figures 8 and 9 show the dye adsorbed and K/S values for treatments with 2 g·L−1

of SNS and TRO, along with the control. It is observed that with the increase in tempera-
ture, there was greater adsorption of dye and an increase in K/S for the control test and
SNS. However, it is also observed that for the control sample at lower temperatures, the
adsorption of the dye was greater than the standard.
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Table 9. K/S results and dye concentration in residual solutions for dyeing at 130 ◦C for 30 min and
80, 100 and 115 ◦C.

Process Treatment K/S
Mean

Standard
Deviation

g·L−1 of
Residual Dye

Mean
Standard
Deviation

130 ◦C—30 min
2.0 g·L−1 SNS 123.7 0.48 0.41 0.01
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The association between dye and the leveling agent is established through a balance
that gradually dissolves. This happens with the release of dye molecules as they are fixed
on the fiber while the equilibrium is changed, considering a free behavior in the dyeing
solution. The leveling agent that has an affinity with the fiber is, in general, a molecule
smaller than the dye, capable of diffusing more easily inside the fiber. Therefore, at the
beginning of the dyeing process, the leveling agent occupies the freest access points in the
fiber. The presence of leveling agents is normally transitory, and when the dye reaches its
position, it moves and becomes fixed due to the greater affinity it has with the fiber. Dye
fixation is consequently delayed, promoting a bigger migratory effect.

3.2. Wet Rubbing and Washing Fastness

The analyses were conducted for wet rubbing fastness of the SNS (sodium naphthalene
sulfonate) standard samples, control and samples treated with 2.0 g·L−1 of TRO (Turkey
red oil). Figure S3 (Supplementary Material) presents photos of the staining on cotton and
polyester fabrics. According to the results of Table 10, the TRO did not negatively interfere
with the rubbing fastness—it even showed a slight improvement in the CO fabric.

Table 10. Assigned grades to the samples for wet rubbing and washing fastness using a grayscale.

Treatment

Rubbing Washing

Witness
CO

Witness
PES

Witness
CO

Witness
PES

Color
Alteration

Control 4 4/5 4 5 5
2.0 g·L−1 SNS 4 4/5 4 5 5
2.0 g·L−1 TRO 4/5 4/5 4/5 5 5

Washing fastness analyses of standard SNS samples, control and samples treated with
2.0 g·L−1 TRO were also conducted, as shown in Figure S4. Again, it is evidenced that TRO
does not negatively interfere with washing fastness; instead, it shows a slight improvement
in the CO.

3.3. Scanning Electron Microscopy (SEM)

Through the SEM technique, four samples were analyzed: without dyeing, control,
SNS standard (2.0 g·L−1 SNS dyed at 130◦C—30 min) and TRO test (2.0 g·L−1 TRO dyed
at 130 ◦C—30 min). The images in Figure 10 were obtained with 1000× magnification,
making it possible to see that the morphology of the samples is very similar. They present
small particles deposited on the fibers, which is probably due to the presence of oligomers.
As these particles are evidenced both in the undyed and control samples, as well as in the
SNS standard and TRO tested samples, it is evident that both the SNS and the TRO did not
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show efficiency for the removal of oligomers. In Figure S5, the micrographs are shown at
3000×magnification.
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Figure 10. SEM images of fabrics at 1000×magnification.

3.4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR tests were performed to identify structural characteristics, mainly regarding
functional groups and bonds presented in the fabrics. There were four samples tested:
without dyeing, control (dyeing without dispersant), standard SNS (dyeing with 2.0 g·L−1

SNS) and TRO test (dyeing with 2.0 g·L−1 TRO), with dyeing performed at 130 ◦C for
30 min.

The spectra presented in Figure 11 have the characteristic peaks associated with the
polyester fiber, according to the evaluations already presented in the literature by Assis [19].
No significant structural change is observed through the FTIR analysis in the treated
samples when compared to the sample without dyeing.
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Figure 11. FTIR analysis—comparative chart between the samples.

3.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is widely used to investigate the temperature
degradation of polymers such as polyester and to determine the kinetic parameters of
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thermal degradation [18,20,21]. It is used to gain a better understanding of the thermal
stability of polymers. Figure 12 shows the graphs with the results obtained in the TGA
analysis of the samples: without dyeing, control, SNS standard and TRO test (sample
treated with 2.0 g·L−1 of TRO at 130 ◦C for 30 min). The final mass loss percentage results,
as well as the onset (extrapolated start of the thermal event) and endset (extrapolated end
of the thermal event) values for these samples, are summarized in Table 11.
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Table 11. TGA analysis results—onset, endset and mass loss (%).

Analysis/Samples Undyed Control SNS
Standard

TRO
Test

Onset Temperature 413.8 ◦C 410.4 ◦C 403.9 ◦C 404.3 ◦C
Endset Temperature 452.9 ◦C 447.7 ◦C 449.6 ◦C 449.5 ◦C

% Mass Loss (695 ◦C) 81.54% 83.94% 81.75% 80.15%
% Mass Residual (695 ◦C) 18.53% 16.13% 18.22% 19.85%

It can be observed that the thermal stability is very similar among the samples. The
highest proportion of mass loss occurs for all samples from 400 ◦C. The TRO test sample
was the one that presented the lowest onset temperature, but it also presented the lowest
percentage of final total mass loss.

In addition to the direct thermogravimetric relationship (% mass loss x temperature),
the DTG graph was also made to visualize the data more precisely [22]. Figure 13 shows
the DTG curves (%/min) of the undyed, blank proof, SNS standard and TRO test samples.
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With the TG/DTG data, it is possible to verify that the treatment with TRO did not
interfere negatively with the thermal stability of the polyester fabric, and even presented a
lower percentage of mass loss when compared to other samples.
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3.6. Migration and Levelness

Faced with dyeing in ideal situations in the laboratory, with excellent levelness results,
such as those presented in the previous tests, the migration test has the objective of verifying
the real potential of a leveling agent in a situation of little equalization, such as cases of
reprocessing. Figure 14 shows photos of reprocessing treated with TRO and the standard
with SNS, making it possible to visually verify the difference between the test without a
leveling agent and the test with the SNS standard.
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The tests were performed with 2.0 g·L−1 of sodium naphthalene sulfonate and different
concentrations of TRO (0.6 g·L−1, 1.0 g·L−1, 2.0 g·L−1, 3.0 g·L−1 and 3.4 g·L−1), plus a
control sample (second step without the addition of leveling agent). In Figure 15, it is
possible to visualize the photos of the reprocessed fabrics (after the second step) of the
control sample with an uneven aspect. The standard (SNS) has a more even aspect than
the samples with TRO, where a significant improvement in levelness is observed for the
samples with 2.0 g·L−1, 3.0 g·L−1 and 3.4 g·L−1.

Color measurements of the dyed polyester fabric samples were taken in four different
areas of the samples (that is, four quadrants: upper front, lower front, upper back and
lower back). The readings were performed at four different points in each area, from which
an average value is shown in Table 12. It is possible to verify that the TRO presents better
performance than the standard leveling agent SNS at the same concentration. The average
of ∆E specific to the SNS standard is equal to 2.22, while the test with 2.0 g·L−1 of TRO
presented an average ∆E of 0.86.

Table 12. Average values of ∆E and K/S of the samples for the migration test.

Samples Overall Average Own ∆E Overall Average K/S

Control 4.41 67.4
SNS 2.22 77.0

0.6 g·L−1 TRO 2.18 77.9
1.0 g·L−1 TRO 1.29 91.7
2.0 g·L−1 TRO 0.86 94.4
3.0 g·L−1 TRO 1.01 103.7
3.4 g·L−1 TRO 1.31 107.3
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3.7. Dispersion, Hydrophilicity, Wetting and Ionic Demand Tests

To evaluate the efficiency of the dispersants, dispersibility tests were conducted by
measuring the filtering time of dye solutions, with and without dispersant. The residues
present in the filters were evaluated under standard filtering conditions. The results
obtained are shown in Table 13 and Figure 16.

Table 13. Dispersion, wetting and ionic demand tests.

Sample
Dispersion

Test
Time (s)

Wetting Test Ionic
Demand

(eq/g)
Drop

Absorption Submersion

Dye Only 152 ± 20 15 s 10 s -
Standard—10 g·L−1 SNS 107 ± 13 15 s 10 s −2465 ± 24

10 g·L−1 TRO 88 ± 10 1 s 2 s −1206 ± 21
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According to the scale, the control sample presented a score of 1, where a large presence
of dye particles on the filter is verified. On the other hand, the filter with SNS presented a
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score of 4, and the filter with TRO presented a score of 5, related to a lesser presence of dye
particles on the filter.

With these results, it is possible to state that the TRO has a very satisfactory dispersing
power, even presenting better results than the SNS standard.

Hydrophilicity analysis by capillarity of the SNS standard, control and samples treated
with 2.0 g·L−1 TRO was carried out. It is possible to see, through Figure 17, a greater and
more uniform capillarity in the sample with TRO. The results demonstrate the efficiency of
TRO as a surfactant due to the evenness and better capillarity.
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Wetting tests were also carried out on standard SNS samples, control and samples
treated with 2.0 g·L−1 TRO. Each test verified how long it takes for a drop of the solution
placed on the textile material to be absorbed. As shown in Figure 18 and Table 13, the TRO
presented the best result.

Textiles 2023, 3, FOR PEER REVIEW 19 
 

 

 
Figure 18. Wetting power: drop test. 

Another wetting test was performed by submersion; as shown, the TRO was also the 
one that presented the best result. With these results presented, it is possible to demon-
strate and confirm the efficiency of TRO as a surfactant, with good wetting power for pol-
yester fibers. 

The results obtained in the ionic demand tests carried out using the Mutek equipment 
are shown in Table 13, where it is observed that both the SNS and the TRO are presented 
as strongly anionic products. The SNS standard presents a higher ionic demand value 
than TRO. However, TRO also has a significant ionic demand value, thus confirming that 
it is an anionic dispersant. This confirms that anionic surfactants have the necessary ability 
to disperse dyes. 

4. Conclusions 
The analyses conducted demonstrate the possibility of replacing a petroleum-based 

product with a renewable alternative in the process of dyeing polyester with disperse dye. 
TRO was also better than SNS in terms of residual coloration of the dyeing solution, gen-
erating an effluent with a lower dye concentration. Additionally, the TRO performed bet-
ter in the filtration tests. 

For the dyeing tests at 130 °C, all measurements performed on dyed samples showed 
∆E below 1, indicating good evenness. Moreover, higher K/S values were obtained with 
TRO compared to TRO under a given condition. 

In this sense, with the results of dyeing, with variations in the concentration of TRO, 
time and temperatures, the levelness and dispersion tests show that the TRO presents ef-
ficient power in both dispersing and equalizing when compared to the standard sodium 
naphthalene sulfonate. It even presented the potential to use a smaller amount of product 
or decrease the processing time, which leads to lower energy consumption. In the evalu-
ation of the residual dyeing solutions, the results show that the solutions with TRO pre-
sent less color residue in the effluent than the solutions with SNS. 

As for the ionic demand, the TRO showed a significant value, thus confirming that it 
is an anionic dispersant. 

According to the analysis of washing and wet rubbing fastness of the dyed fabrics, 
the TRO even showed an increase in these properties in comparison to the SNS standard 
or the control. With the TGA technique, it was verified that the treatment with TRO pre-
sented a lower percentage of mass loss when compared to other samples. According to 
the hydrophilicity analysis by capillarity and wetting, the surfactant power of TRO stood 

Figure 18. Wetting power: drop test.

Another wetting test was performed by submersion; as shown, the TRO was also
the one that presented the best result. With these results presented, it is possible to
demonstrate and confirm the efficiency of TRO as a surfactant, with good wetting power
for polyester fibers.

The results obtained in the ionic demand tests carried out using the Mutek equipment
are shown in Table 13, where it is observed that both the SNS and the TRO are presented as
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strongly anionic products. The SNS standard presents a higher ionic demand value than
TRO. However, TRO also has a significant ionic demand value, thus confirming that it is
an anionic dispersant. This confirms that anionic surfactants have the necessary ability to
disperse dyes.

4. Conclusions

The analyses conducted demonstrate the possibility of replacing a petroleum-based
product with a renewable alternative in the process of dyeing polyester with disperse
dye. TRO was also better than SNS in terms of residual coloration of the dyeing solution,
generating an effluent with a lower dye concentration. Additionally, the TRO performed
better in the filtration tests.

For the dyeing tests at 130 ◦C, all measurements performed on dyed samples showed
∆E below 1, indicating good evenness. Moreover, higher K/S values were obtained with
TRO compared to TRO under a given condition.

In this sense, with the results of dyeing, with variations in the concentration of TRO,
time and temperatures, the levelness and dispersion tests show that the TRO presents
efficient power in both dispersing and equalizing when compared to the standard sodium
naphthalene sulfonate. It even presented the potential to use a smaller amount of product or
decrease the processing time, which leads to lower energy consumption. In the evaluation
of the residual dyeing solutions, the results show that the solutions with TRO present less
color residue in the effluent than the solutions with SNS.

As for the ionic demand, the TRO showed a significant value, thus confirming that it
is an anionic dispersant.

According to the analysis of washing and wet rubbing fastness of the dyed fabrics,
the TRO even showed an increase in these properties in comparison to the SNS standard
or the control. With the TGA technique, it was verified that the treatment with TRO
presented a lower percentage of mass loss when compared to other samples. According
to the hydrophilicity analysis by capillarity and wetting, the surfactant power of TRO
stood out, with an increase in the hydrophilicity power of the material after dyeing and the
wetting potential in solution; this was not evidenced with the SNS.

Therefore, it is concluded that TRO presents promising results for application as a
dispersant and leveling agent for polyester dyeing, thus being a renewable and sustainable
option for petroleum-based products.
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//www.mdpi.com/article/10.3390/textiles3020012/s1, Figure S1: Photos of the fabric samples from
treatments at 130 ◦C; Figure S2: Fabrics and residual dyeing solutions at 80 ◦C, 100 ◦C and 115 ◦C;
Figure S3: Samples of cotton and polyester after wet rubbing fastness test; Figure S4: Fabric samples
after the washing fastness; Figure S5: SEM images of samples at 3000×magnification.
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Use of Rotary Ultrasonic Plastic Welding as a Continuous
Interconnection Technology for Large-Area e-Textiles
Christian Dils 1,* , Sebastian Hohner 1 and Martin Schneider-Ramelow 2

1 Fraunhofer IZM (Institute for Reliability and Microintegration), 13355 Berlin, Germany
2 Microperipheric Center, Technical University Berlin, 10623 Berlin, Germany
* Correspondence: christian.dils@izm.fraunhofer.de; Tel.: +49-30-46403-208

Abstract: For textile-based electronic systems with multiple contacts distributed over a large area, it
is very complex to create reliable electrical and mechanical interconnections. In this work, we report
for the first time on the use of rotating ultrasonic polymer welding for the continuous integration
and interconnection of highly conductive ribbons with textile-integrated conductive tracks. For this
purpose, the conductive ribbons are prelaminated on the bottom side with a thermoplastic film, which
serves as an adhesion agent to the textile carrier, and another thermoplastic film is laminated on the
top side, which serves as an electrical insulation layer. Experimental tests are used to investigate the
optimum welding process parameters for each material combination. The interconnects are initially
electrically measured and then tested by thermal cycling, moisture aging, buckling and washing tests,
followed by electrical and optical analyses. The interconnects obtained are very low ohmic across
the materials tested, with resulting contact resistances between 1 and 5 mOhm. Material-dependent
results were observed in the reliability tests, with climatic and mechanical tests performing better
than the wash tests for all materials. In addition, the development of a heated functional prototype
demonstrates a first industrial application.

Keywords: electronic textiles (e-textiles); interconnection technology; ultrasonic welding

1. Introduction

Textiles have gained ubiquitous importance due to their scalability in manufacturing
and numerous beneficial mechanical and protective properties. The first electrically heat-
able textiles and patents have been known since 1910 [1]. However, intensive research into
the integration of electronics in textiles has only been carried out since the late 1990s [2]
fueled by the progressive miniaturization of electronics and new material developments in
combination with the megatrends of pervasive computing and the internet of things. Jump-
ing to today, a large business growth for electronic textiles (e-textiles) is predicted within the
next decade [3], whereby the potential application areas are constantly expanding [4] and
are not limited by geometric sizes. Wicaksono et al. predict that the scale of future e-textiles
will range from microns to kilometers [5]. Today, e-textiles are already used for flexible
heaters [6], wearable antennas [7] or large-area illumination [8], and also for monitoring
bio-signals [9], vital data [10] and in situ structural health monitoring of composite materi-
als [11]. Yet, there are still challenges in the production of large-area e-textiles that stand
in the way of further market penetration. These include, in particular, textile-compatible,
scalable integration and interconnection technologies [12], process automation for cost
reduction [13] and also improved washability [14] and sustainability [15].

Since textiles and electronics differ greatly in their material properties and dimensions,
standard processes from electronics manufacturing cannot be readily transferred to textiles.
For example, although some metallic textile conductors can be soldered even with low
contact resistances, these brittle connections do not provide reliable mechanical contact.
In recent years, numerous more textile-compatible interconnection processes have been
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developed, but most of them focus on contacting rigid electronic components or assemblies
by means of interposers on a flexible textile substrate [16]. New e-textile production
developments include, for example, the ZSK RACER 1W embroidery machine with an
integrated circuit board laying unit, which can be used to realize automated embroidered
contacts for a rigid interposer with conductive yarns [17]. Another solution was presented
by Fraunhofer IZM, where a large-format bonder was developed [18], enabling the electrical
and mechanical integration of multi-I/O modules on a textile substrate of up to 1 m × 1 m
by non-conductive adhesive bonding [19].

While science and industry have shown that it is possible to realize scalable and
reliable textile integration of various types of hard components through novel joining
technologies, purely fiber- or yarn-based interconnects still represent a major challenge
for the development of textile-based electronic systems. In textile-heavy e-textiles, the
electronic function is essentially provided by the textile, which provides more comfort and
reliability than integrated systems made of hard and soft materials. Applications include
the realization of conductive tracks and sensors made of conductive yarns, the integration
of RFID chips directly into the yarn [20], or the development of fiber-based electronic,
optoelectronic, energy-collecting, energy-storing and sensory devices that can be integrated
into multifunctional e-textile systems [21].

Dhawan et al. presented the first results on studies of fiber-to-fiber contacts [22]. They
integrated copper yarns orthogonally into a plain weave and modeled and experimentally
determined the contact resistances at the crossing points of the conductive yarns. They
found a strong influence of an acting force, which can also occur due to the movement of
the textile, on the value of the contact resistance and recommended a further joining process
to realize a mechanically stable interconnection. Using resistance welding (RW), they were
able to achieve a crossover point interconnect resistance of 31 mOhm. Zhang, for example,
uses the pressure-dependent contact resistance of multiple yarn-to-yarn contacts to develop
a knitted strain sensor [23]. Suchý et al. describe that embroidered hybrid conductive
yarns contacted by RW achieve a contact resistance of 10 mOhm [24]. The contacts showed
stable values after dry heat, temperature shock and bending tests, but failed after washing
tests. To optimize the washability, they propose additional encapsulation of the brittle
contacts. For this purpose, thermoplastic films were subsequently applied to the contacts
by ultrasonic welding or by lamination. While the ultrasonic welding damaged the brittle
contacts to the point of failure, the laminated-over contacts were found to reliably withstand
the washing tests [25]. Locher presents a different approach, in which a woven fabric
was developed with intersecting copper wires insulated from each other by polyester
threads [26]. Individual junctions, called textile vias, are first exposed by a laser ablation
process. A drop of conductive adhesive is applied to the ablated area connecting the two
crossing wires, and then epoxy resin is added as mechanical and electrical protection for
the joint. The DC contact resistance obtained is 14.1 mOhm.

To reduce the very labor-intensive, multi-step process required to achieve a mechani-
cally and electrically stable yarn-to-yarn contact, researchers have investigated ultrasonic
plastic welding (UPW). UPW is a very efficient and ultra-fast joining process that is already
established in the textile and packaging industries. Since many textiles have thermoplastic
components, or thermoplastics can be easily added to an e-textile system in numerous
forms, for example, as an electrical insulation layer or film-like structure, the otherwise
necessary stripping, interconnection and encapsulation steps can be reduced to a single ul-
trasonic welding step. Slade and Winterhalter first described this approach for developing
a selectively enabled wiring in textiles toolkit as follows: “This welding process melts the
insulation around the wires and the polymer material (e.g., nylon or polyester) in the yarn,
allowing the conductive cores of the wires to come into contact with each other. When the
flow of ultrasonic energy into the weld site is stopped the polymer material surrounding
the wires rapidly cools and hardens. As a result, the conductive cores of the wires remain
locked in contact with each other, insulated from the environment. The result is a durable,
easily achieved interconnection amongst selected conductors in an E-textile fabric, garment,
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or textile article. By forming an ultrasonic weld at a defined point, conductive elements
within the fabric can be made to form permanent connection with one another, for instance
across a seam or between warp and weft yarns” [27]. The first experimental studies on
ultrasonically welded contacts for e-textiles were only published in recent years. Thurner
describes the UPW of electrically conductive adhesive nonwovens with silver-coated yarns,
where low contact resistances of 10 mOhm were obtained [28]. It is also reported that the
welded contacts can withstand high ampacity loads of 10 A and mechanical tests such as
bending, flexing or torsion for 10,000 cycles without major resistance changes. Micus et al.
investigated the UPW for contacting a knitted conductive textile with copper stranded
wires, measuring a contact resistance of 1.95 Ohm [29]. After the washing tests, the contact
resistances increased threefold, which the authors attributed mainly to the damage of the se-
lected silver-coated yarns. Dils et al. report on electrical and mechanical contacting of rigid
interposers with silver-metallized nonwovens using a thermoplastic film and UPW [30]. By
adapting the contact structures and process parameters, they realized electrical contacts in
the range < 20 mOhm, providing material-dependent results in reliability. Another study
by Dils et al. investigated the interconnection of two embroidered hybrid conductive yarns
at their crossing point [31]. In their study, by adapting the embroidered contact pad design
and using an experimental setup, process parameters for different material combinations
could be investigated. Simultaneous encapsulation of the contacts was achieved by using
a TPU cover layer pre-placed over the crossing point. The average contact resistance of
the samples was below 2.5 mOhm and showed no changes even after mechanical and
environmental reliability tests.

In addition to the presented investigations using ultrasonic spot welding for yarn-to-
yarn interconnects, there are also publications on the continuous ultrasonic plastic welding
(CUPW) process for e-textiles but they only investigate the bonding of conductive materials
on textile substrates. Atalay et al. use the CUPW process to integrate various conductive
yarns into a waterproof polyester fabric as signal lines for e-textiles applications [32].
They examined the influence of the welding parameters on the conductivity and seam
strength of the selected materials. Leśnikowski investigated the textile integration of nickel-
coated polyester strips as a single or double layer using CUPW to fabricate transmission
signal lines [33]. He reported that direct welding caused damage in the conductive tape
or short circuits that did not occur when a double-sided textile outer layer was added.
Furthermore, the samples made in this way allowed the construction of signal lines capable
of transmitting DC and AC signals at frequencies up to several hundred MHz.

The aim of this work is to investigate and analyze the continuous interconnection of
textile conductor materials by CUPW. To the best of our knowledge, this is the first study
on the subject. Based on the results from the presented studies on spot interconnects of
crossing embroidered hybrid conductive yarns as well as the literature review, we target
the use of metal strand-based textile conductors, since damage to metal-coated yarns and
fabrics has often been reported. Several additional materials are investigated as adhesion
agents and simultaneous electrical and mechanical insulation of the contacts, for example
thermoplastic films without conductive particles, in order to consider requirements for
resource efficiency and reparability. For large-area textile-based electronic systems, we
focus on integrating embroidered conductors into the textile substrate and welding a
conductive ribbon orthogonal to them, so that the multiple conductors can make electrical
and mechanical contact with each other.

2. Materials and Methods
2.1. Welding Tools

The welding process was carried out on an 8312 flatbed ultrasonic machine from
PFAFF Industriesysteme und Maschinen GmbH, which is equipped with a 10 mm wide
steel sonotrode wheel. The ultrasonic generator has a working frequency of 35 kHz and
a maximum power of 800 W. On the machine, a gap dimension of 0–2 mm with a fine
adjustment of 1/50 mm can be set. The parameters welding speed (0.5–20.0 m/min),
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welding force (0–400 N) and amplitude (from 18 µm to 34 µm for the sonotrode used (or
50–100%)) can also be adjusted. A knurled steel wheel with a width of 10 mm (PFAFF article
number 95-256 126-05) was used as the anvil, which achieved the best welding results
in preliminary tests. A pyramid wheel also showed suitability for welding but achieved
inferior electrical results compared with the knurled wheel and produced wavy structures in
the welded specimens. The smooth, zigzag or circular shaped anvil wheels did not produce
repeatable mechanical and electrical connections in different test materials. Figure 1a shows
a detailed view of the topography of the knurled wheel, and Figure 1b shows the welding
of a conductive ribbon onto a conductive knit with the ultrasonic machine.
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2.2. Substrate Materials

Elastic knitted fabrics were more difficult to process than non-elastic woven textiles
and shrank during welding. Even the use of embroidery hoops to mechanically fix the
elastic textiles did not lead to any improvements. Therefore, woven substrates were used
for the trials in this study. Cotton is particularly suitable as a textile substrate material,
as textiles made of polymers can melt during ultrasonic welding, which could lead to an
undesired stiffening of the welding area. Therefore, a 100% plain weave cotton fabric with
a weight per unit area of 190 g/m2 was selected as the substrate.

Electrically conductive yarns were integrated into the textile substrate, with heating,
conductor tracks, or sensors as possible functions. In total, four commercially available
conductive yarns from the supplier VÚB a.s. and its Clevertex brand were selected for test-
ing. All the yarn variants are characterized by the fact that they consist of a twisted yarn of
textile polymer fibers and metal strands and are, therefore, referred to as hybrid conductive
yarns. The hybrid conductive yarns are marketed as suitable for embroidery, knitting and
weaving. Table 1 gives an overview of the four selected yarns, their composition and their
properties according to the information provided by the manufacturer Clevertex.

One yarn type was available in two versions, without (Y08) and with thermoplastic
insulation (Y09). Another yarn (Y12) was made of silver-metallized polymer threads in
addition to silver-plated copper strands, which makes it more ductile overall. The last yarn
selected (Y13) consisted of high-impedance stainless steel filaments.

2.3. Conductive Ribbon

While there are numerous weldable adhesive tapes, no electrically conductive ones
are known. One exception was the conductive hotmelt adhesive non-woven e-Web 140
from the manufacturer imbut GmbH, which is available in rolls. However, the material
cannot be processed with an ultrasonic welding device as it was observed in our tests
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that using it damaged or destroyed both the conductive silver coating on the polymer
fibers and the nonwoven material. We suspect that this is due to the impact of ultrasonic
vibrations on the material. Due to this lack of suitable welding tape, we therefore, looked for
conductive tapes or ribbons that are made weldable by means of a subsequent lamination
with thermoplastic film.

Table 1. Properties of the selected conductive yarns as provided by the manufacturer Clevertex.

ID Material Composition Coating/Insulation Linear Resistance
(Ω/m) Fineness (tex) Diameter

(mm)
Dry Strength

(cN/tex)
Dry Elongation

(%)

Y08
4× PES threads,

8 × 0.03 mm
Cu/Ag filaments

None 2.85 78 0.24 21.85 13.3

Y09
4× PES threads,

8 × 0.03 mm
Cu/Ag filaments

TPA 3.3 76 0.23 22.07 13.4

Y12

4 × 110 dtex/f24
SilverStat threads,

4 × 0.03 mm
Cu/Ag filaments

None 6.6 84.9 0.29 16.11 53

Y13
4× PES threads,

4 × 0.02 mm stainless
steel filaments

None 560.5 37.6 0.22 46.91 15

PES: polyester; TPA: thermoplastic polyamide; Cu: copper; Ag: silver.

Four different types of conductive ribbons with a linear resistance significantly lower
than 1 Ohm/m were selected for the experiments, which are presented in Table 2.

Table 2. Properties of the selected conductive ribbons.

ID Manufacturer Material Composition Linear Resistance (Ω/m) Width (mm) Thickness (mm)

Elasta Vestil ELASTA VESTIL a.s.
weft: 12/88 PET threads;

warp: 34× Y08
conductive yarns

0.14 (0.11 when
embedded into TPU film) 8 0.5

High Flex 3981 Karl Grimm
GmbH & Co. KG

33 × 1 PET threads
(74 dtex) stranded with thin

Cu/Ag foil

0.41 (0.42 when
embedded into TPU film) 4 0.2

Amotape 3587 AMOHR Technische
Textilien GmbH

PET threads, hotmelt yarns
and 6× Cu/Ag strands

0.07 (0.09 when
embedded into TPU film) 9 0.54

Amotape 46050 AMOHR Technische
Textilien GmbH

weft: 6× Cu/Ag strands,
hotmelt yarns and PET
threads (84 dtex); warp:
PET threads (140 dtex)

0.03 9 0.6

PET: polyethylene terephthalate; TPU: thermoplastic polyurethane.

Amotape 3587 was only used in the first trial, and Amotape 46050 is an optimized
version and was only used in the following main trial. The main difference between the
two versions is that in the second variant, the six conductive strands cross each other
regularly to improve electrical characteristics and that it incorporates further hotmelt yarns
which make an additional lamination of the TPU film unnecessary. Besides the electrical,
material and size differences, the ribbons partially differ in the textile production. Except
for the High Flex ribbon, which is braided, the other three ribbons are all woven. X-ray and
cross-sectional images of the conductive ribbons are shown in Figures 2–6.

For sufficient bonding between textile-integrated conductor materials and the conduc-
tive ribbon, an additional adhesive was needed. In our study, we laminated an adhesive
film to the conductive ribbon prior welding. Covestro Platilon 4201 AU polyurethane
(ether) film in 100 µm thickness was used as an adhesive [34]. The material has proven itself
in recent years as a suitable substrate material for soft and stretchable circuit boards [35–37]
as well as an adhesion agent for e-textile non-conductive adhesive bonding technology [38].
Before the welding process, the TPU film was cut to a width of 10 mm and laminated to the
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conductive ribbon on both sides using a Sefa HP45 2PS thermal press at 180 ◦C and 2 bar
for 45 s. The laminate was afterwards cooled under pressure for a few minutes.

Textiles 2022, 2, FOR PEER REVIEW 6 
 

 

material and size differences, the ribbons partially differ in the textile production. Except 
for the High Flex ribbon, which is braided, the other three ribbons are all woven. X-ray and 
cross-sectional images of the conductive ribbons are shown in Figures 2–6. 

 

  

(a) (b) 

Figure 2. X-ray images of the selected conductive ribbons: (a) Elasta Vestil; and (b) High Flex 3981. 

  

(a) (b) 

Figure 3. X-ray images of the selected conductive ribbons: (a) Amotape 3587; and (b) Amotape 
46050. 

 

Figure 4. Cross-section image of the Elasta Vestil woven ribbon with 34 hybrid conductive yarns 
distributed over the entire area. 

Figure 2. X-ray images of the selected conductive ribbons: (a) Elasta Vestil; and (b) High Flex 3981.

Textiles 2022, 2, FOR PEER REVIEW 6 
 

 

material and size differences, the ribbons partially differ in the textile production. Except 
for the High Flex ribbon, which is braided, the other three ribbons are all woven. X-ray and 
cross-sectional images of the conductive ribbons are shown in Figures 2–6. 

 

  

(a) (b) 

Figure 2. X-ray images of the selected conductive ribbons: (a) Elasta Vestil; and (b) High Flex 3981. 

  

(a) (b) 

Figure 3. X-ray images of the selected conductive ribbons: (a) Amotape 3587; and (b) Amotape 
46050. 

 

Figure 4. Cross-section image of the Elasta Vestil woven ribbon with 34 hybrid conductive yarns 
distributed over the entire area. 

Figure 3. X-ray images of the selected conductive ribbons: (a) Amotape 3587; and (b) Amotape 46050.

Textiles 2022, 2, FOR PEER REVIEW 6 
 

 

material and size differences, the ribbons partially differ in the textile production. Except 
for the High Flex ribbon, which is braided, the other three ribbons are all woven. X-ray and 
cross-sectional images of the conductive ribbons are shown in Figures 2–6. 

 

  

(a) (b) 

Figure 2. X-ray images of the selected conductive ribbons: (a) Elasta Vestil; and (b) High Flex 3981. 

  

(a) (b) 

Figure 3. X-ray images of the selected conductive ribbons: (a) Amotape 3587; and (b) Amotape 
46050. 

 

Figure 4. Cross-section image of the Elasta Vestil woven ribbon with 34 hybrid conductive yarns 
distributed over the entire area. 

Figure 4. Cross-section image of the Elasta Vestil woven ribbon with 34 hybrid conductive yarns
distributed over the entire area.

83



Textiles 2023, 3 72Textiles 2022, 2, FOR PEER REVIEW 7 
 

 

 

Figure 5. Cross-section image of the High Flex 3981 braided ribbon. In the zoom window, the indi-
vidual yarns covered with thin silver-plated copper foil are shown for better visualization. 

 

Figure 6. Cross-section image of the Amotape 3587 woven ribbon with six parallel-running bundles 
of silver-plated copper strands. The Amotape 46050 woven ribbon with six crossed bundles of sil-
ver-plated copper strands and additional hotmelt yarn is not displayed as the cross-sections of both 
Amotape versions are comparable. 

For sufficient bonding between textile-integrated conductor materials and the con-
ductive ribbon, an additional adhesive was needed. In our study, we laminated an adhe-
sive film to the conductive ribbon prior welding. Covestro Platilon 4201 AU polyurethane 
(ether) film in 100 µm thickness was used as an adhesive [34]. The material has proven 
itself in recent years as a suitable substrate material for soft and stretchable circuit boards 
[35–37] as well as an adhesion agent for e-textile non-conductive adhesive bonding tech-
nology [38]. Before the welding process, the TPU film was cut to a width of 10 mm and 
laminated to the conductive ribbon on both sides using a Sefa HP45 2PS thermal press at 
180°C and 2 bar for 45 seconds. The laminate was afterwards cooled under pressure for a 
few minutes.  

2.4. Peel strength of welded materials 
To determine the adhesion strength, the optimum welding parameters were deter-

mined by the adhesion force between the conductive ribbons and the textile substrate. The 
conductive ribbons, partially pre-laminated with TPU, were ultrasonically welded onto 
the cotton substrate in a wide process window by modifying the welding parameters gap 
size, power, speed and force. Subsequently, a T-peel test was carried out according to IPC 
TM 650 standard [39], the peel forces were recorded, and the fracture pattern evaluated. 
Differing from the standard, peeling was not actuated at an 90° angle, but at an 180° angle 
due to the limp textile properties. The test parameters were a peeling speed of 50.8 
mm/min and 3 repetitions per parameter and material combination, with a sample size of 
10 mm x 80 mm. The peeling force Fp (N) was measured and standardized over the width 
a (mm) for better comparability. The resulting peeling force Fa (N/mm) was calculated 
according to Equation (1). 𝐹 = 𝐹𝑎  (1) 

2.5. Shrinkage of conductive ribbons 

Figure 5. Cross-section image of the High Flex 3981 braided ribbon. In the zoom window, the
individual yarns covered with thin silver-plated copper foil are shown for better visualization.

Textiles 2022, 2, FOR PEER REVIEW 7 
 

 

 

Figure 5. Cross-section image of the High Flex 3981 braided ribbon. In the zoom window, the indi-
vidual yarns covered with thin silver-plated copper foil are shown for better visualization. 

 

Figure 6. Cross-section image of the Amotape 3587 woven ribbon with six parallel-running bundles 
of silver-plated copper strands. The Amotape 46050 woven ribbon with six crossed bundles of sil-
ver-plated copper strands and additional hotmelt yarn is not displayed as the cross-sections of both 
Amotape versions are comparable. 

For sufficient bonding between textile-integrated conductor materials and the con-
ductive ribbon, an additional adhesive was needed. In our study, we laminated an adhe-
sive film to the conductive ribbon prior welding. Covestro Platilon 4201 AU polyurethane 
(ether) film in 100 µm thickness was used as an adhesive [34]. The material has proven 
itself in recent years as a suitable substrate material for soft and stretchable circuit boards 
[35–37] as well as an adhesion agent for e-textile non-conductive adhesive bonding tech-
nology [38]. Before the welding process, the TPU film was cut to a width of 10 mm and 
laminated to the conductive ribbon on both sides using a Sefa HP45 2PS thermal press at 
180°C and 2 bar for 45 seconds. The laminate was afterwards cooled under pressure for a 
few minutes.  

2.4. Peel strength of welded materials 
To determine the adhesion strength, the optimum welding parameters were deter-

mined by the adhesion force between the conductive ribbons and the textile substrate. The 
conductive ribbons, partially pre-laminated with TPU, were ultrasonically welded onto 
the cotton substrate in a wide process window by modifying the welding parameters gap 
size, power, speed and force. Subsequently, a T-peel test was carried out according to IPC 
TM 650 standard [39], the peel forces were recorded, and the fracture pattern evaluated. 
Differing from the standard, peeling was not actuated at an 90° angle, but at an 180° angle 
due to the limp textile properties. The test parameters were a peeling speed of 50.8 
mm/min and 3 repetitions per parameter and material combination, with a sample size of 
10 mm x 80 mm. The peeling force Fp (N) was measured and standardized over the width 
a (mm) for better comparability. The resulting peeling force Fa (N/mm) was calculated 
according to Equation (1). 𝐹 = 𝐹𝑎  (1) 

2.5. Shrinkage of conductive ribbons 

Figure 6. Cross-section image of the Amotape 3587 woven ribbon with six parallel-running bundles
of silver-plated copper strands. The Amotape 46050 woven ribbon with six crossed bundles of
silver-plated copper strands and additional hotmelt yarn is not displayed as the cross-sections of
both Amotape versions are comparable.

2.4. Peel Strength of Welded Materials

To determine the adhesion strength, the optimum welding parameters were deter-
mined by the adhesion force between the conductive ribbons and the textile substrate. The
conductive ribbons, partially pre-laminated with TPU, were ultrasonically welded onto
the cotton substrate in a wide process window by modifying the welding parameters gap
size, power, speed and force. Subsequently, a T-peel test was carried out according to
IPC TM 650 standard [39], the peel forces were recorded, and the fracture pattern eval-
uated. Differing from the standard, peeling was not actuated at an 90◦ angle, but at an
180◦ angle due to the limp textile properties. The test parameters were a peeling speed of
50.8 mm/min and 3 repetitions per parameter and material combination, with a sample
size of 10 mm × 80 mm. The peeling force Fp (N) was measured and standardized over
the width a (mm) for better comparability. The resulting peeling force Fa (N/mm) was
calculated according to Equation (1).

Fa =
Fp

a
(1)

2.5. Shrinkage of Conductive Ribbons

To determine shrinkage effects due to thermal and mechanical impact during the
welding process, the conductive ribbons were welded onto the cotton substrate using the
best welding parameters determined from the peel tests. The samples were measured
before and after welding and the shrinkage was calculated according to Equation (2). The
results were then used in the adjustment of the sample lengths for the main tests.

S =
L0 − L

L0
· 100 (2)
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Here, S is shrinkage in %, L0 is initial length in mm and L is the resulting length in
mm after welding.

2.6. Electrical Characterization of Materials and Interconnections

All the electrical measurements, both for the initial values of the conductive yarns
and ribbons, as well as for the ultrasonically welded contact resistance Rc, were measured
with the four-point method using a Keithley 2010 multimeter. This measurement method
eliminates the influence of the resistance of embroidered conductor tracks, the resistance of
the contact pins and the resistance of the connecting cables, so that only the linear resistance
of the materials or the contact resistance of the welded interconnects were measured. For
the initial material resistance measurements, the yarn and fabric procedures from the
standard DIN EN 16812:2016-11 were applied [40].

In electrical characterization, the interconnections must be part of an electronic circuit
and are considered as electrical resistances. The permissible value of the contact resistance
depends on the electronic system and the desired application and is, therefore, not generally
defined [41]. However, the lower the contact resistance, the better the signal quality and
the lower the heat generation. A gradual increase in contact resistance, as determined by
aging and durability tests, is also a good indicator of contact fatigue and can be caused by
conductor dissolution, delamination of coatings, and cracks in coatings or conductors that
can lead to electronic system failure over time [42,43].

In our study, a sudden loss of electrical connection, e.g., due to interruption of a
previously stable conductor or a gradual increase in resistance above a threshold contact
resistance Rth of 50 mOhm, was defined as a contact fault. This threshold value was based on
the large contact area between the contact materials, which allows for low contact resistance,
and on the initial measurements from the preliminary tests, where Rc values between 1 and
20 mOhm could be achieved, depending on the material. If the Rc value rises (steadily) to
50 mOhm, one can already assume a gradual degradation of the contact resistance.

2.7. Design of Test Pattern

A uniform test pattern was designed for easy evaluation and comparison of the
effects of the welding process parameters and materials on the contact resistance of the
welded joints. The test pattern was developed for the electrical four-point measurement
and is shown in Figure 7a. The hybrid conductive yarns were first embroidered onto
the cotton substrate to obtain the required 2D pattern, with the ends being designed as a
measurement pad for easy electrical measurements. Then, the contact ribbons were linearly
and continuously welded over the embroidered yarns, with the electrical interconnection
being made at the point of intersection between the two contact partners (see Figure 7b).

2.8. Proposed Interconnection Process

The novel interconnection process for e-textiles is based on CUPW and works anal-
ogously to the welding of an adhesive seam tape onto textiles. Here, instead of joining
two textile parts together, textile-integrated conductor materials are mechanically and
electrically joined with a conductive ribbon or tape. The proposed interconnection process
is shown schematically in Figure 8a,b. Friction welding generated by ultrasonic vibrations
leads to strong molecular movements in the material interface layers, thereby generating
heat in the joining zone and causing a reduction in the viscosity of the thermoplastic ma-
terials, resulting in local softening of the polymers. Due to the simultaneous application
of force F, the conductor materials are pressed through the softened polymers and touch,
creating an electrical contact. The material is then transported out of the welding zone by
the wheel at a defined speed v and solidified again. Since the ultrasonic welding process
is very fast, runs at room temperature, and does not require additional additives, such as
solder flux or conductive particles in the adhesive, it is very efficient and resource saving
and, therefore, well suited for industrial production.
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Figure 8. Schematic representation of the proposed continuous interconnection process using rotary
ultrasonic welding: (a) the conductive ribbon is continuously welded to the textile substrate with
the integrated conductors by means of an adhesive with contacts made at the crossing points; and
(b) view of typical structures to be interconnected, here with conductors contacted on both sides
(colored red) or interdigital structures contacted on one side (colored blue).

2.9. Reliability Tests of the Welded Interconnections

Reliability tests were applied to determine the lifetime and failure mechanisms of the
welded interconnections. Due to the novelty of e-textiles, testing standards are not yet
available or only for very limited specifications [44,45]. The challenge in the selection of
reliability tests, therefore, also consisted of researching alternative existing standards and
evaluating whether they are suitable for the materials, technologies and applications to be
investigated. In addition, self-developed test methods were used if no existing standards
were available.

Climatic tests were used to investigate thermal and moisture influence on the materials.
The focus lay on both expansion and swelling of the polymers as well as the oxidation
behavior of the metals, which can lead to delamination or impurity layers and thus to
degradation of the welded interconnection. For reliability tests, the IEC 60068-2-14 and
IEC 60068-2-1 (thermal cycling) as well as IEC 60068-2-78 (damp heat test) standards were
applied, which are specified as general interconnection tests for electronic systems [46–48].
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In the temperature-cycling test, the test specimens were held at 65 ◦C and −5 ◦C for 10 min
each in ESPEC Corp’s TSA-102ES climatic shock chamber and cycled 500 times. In the
humidity-heat test, the samples were maintained at a constant 40 ◦C and 93% RH for 240 h.
This was done in the climate test chamber VC3 7034 from Voetsch.

Due to the lack of standardized e-textile tests, a new method for mechanical reliability
tests was necessary since conventional bending tests with limp textile materials lead to
very large bending radii and can, therefore, only provide very limited information about
mechanical reliability under more realistic buckling and folding loads. In our self-developed
method for buckling load tests, the test specimen was fixed with rigid clamps, as shown in
Figure 9a. Fixed clamps made of FR-4 PCB substrate material, were attached to both sides
of the textile, and the distance between the upper and lower clamping elements determined
the resulting bending angle. In the following experiments, a bending angle of 70◦ could be
realized, as shown in Figure 9b. The tests were carried out on an INSTRON 5000 tensile
testing machine at a buckling frequency of 1 Hz for 10,000 cycles per sample.
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To date, there is no specific wash testing standard for e-textiles according to which
standardized tests can be carried out. As a result, the test methods currently used by
academia and industry are very different and thus not comparable. In addition, the existing
textile washing standards are only suitable for e-textiles to a limited extent. In current
research results, experts agree that gentle washing is necessary as a basis for a future
standard for e-textiles [49,50]. A new test protocol based on gentle household washing and
the ISO 6330 standard was published, tested for cleanability, and used for the wash tests in
this study. The following washing conditions were taken from [51] (pp. 8–9):

• Washing program: main wash, intermediate spinning (500 rpm), two rinsing cycles,
spinning (800 rpm); duration: 40 min; temperature: 30 ◦C; on-time: 40%; water
volume: 12 l;

• load: additional PES base load items for a total weight of 2 kg including test samples;
• detergent: 30 g of ECE-2 standard powder detergent (adjusted amount according to

used hard water);
• drying: air drying;
• number of cycles: 20.

3. Results
3.1. Determination of the Welding Process Parameters

For the peel tests, the conductive ribbons were welded onto the cotton fabric according
to a test matrix with varying welding parameters for power P of 100–400 W, speed v of
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0.2–1 m/min, force F of 100–400 N, and a material-adapted gap size s of 0.1–0.75 mm. The
amplitude could not be changed in the manual power welding method with which method
the tests were performed. The material-dependent highest measured peel forces are listed in
Table 3 and compared with the required adhesive strengths of flexible electronic substrates.

Table 3. Highest determined peel forces from the welding test matrix for each conductive ribbon
compared with required adhesion strength of conventional, flexible electronic substrates.

Material Combination Standard Peel Force FH [N/mm]

Cotton/Elasta Vestil None 0.7
Cotton/High Flex 3981 None 1.7
Cotton/Amotape 3587 None 0.4

Cotton/Amotape 46050 None 0.6
FR-4/Cu (35 µm) DIN EN 60249-2-4 >1.4
PET/Cu (35 µm) DIN EN 60249-2-8 >0.7
PI/Cu (35 µm) DIN EN 60249-2-13 >0.8

PI: Polyimide.

Without additional TPU adhesives, the peel forces FH for Elasta Vestil and High Flex
3981 would be only 0.0–0.1 N/mm and thus insufficient for integration and interconnection.
The adhesion forces of the Amotape ribbons could be significantly higher with an additional
adhesive, but this was not applied to save the additional material and lamination process
step as this would be the most economically preferred option. Testing of the peel strength
of standardized values for electronic substrates (where the adhesion strength between
laminated copper foils and carrier material is determined) with the ultrasonically welded
contact ribbons provided comparable results. In some cases, the specimens already met the
required adhesion strength of conventional, flexible electronic substrates.

Adhesion fractures dominated the fracture pattern evaluation, except for the Amo-
tape tapes not prelaminated with TPU, where mixed fractures were observed (See also
Figure 10a,b).

Textiles 2022, 2, FOR PEER REVIEW 12 
 

 

  
(a) (b) 

Figure 10. Visual fracture determination of the samples after the peel tests: (a) mixed fracture for 
Amotape 3587; and (b) adhesion fracture for High Flex 3981 prelaminated with TPU. 

From the results of the peel tests, it was confirmed that some optimum welding pa-
rameters are the same for all different samples: P = 100 W, F = 100 N, and v = 0.2-0.4 m/min. 
At higher powers, carbonization of the materials could be observed, which led to failures 
both visually and functionally. In addition, excessively high gap sizes and speeds do not 
allow melting and bonding of the contact partners. If the gap distances are too small, the 
materials are pressed too hard, which is noticeable as audible squeaking and can lead to 
damage to the materials and welding tools. With the determined welding parameter win-
dows, the next tests were carried out to measure the shrinkage of the conductive ribbons, 
with the results listed in Table 4. 

Table 4. Determination of the shrinkage behavior of the welded conductive ribbons. 

  Value  Elasta Vestil High Flex 3981 Amotape 3587 
Initial length L0 (mm) 39.5 39.4 38.7 

Length after welding L (mm) 36.8 36.4 38.7 
Shrinkage S (mm) 2.7 3 0 
Shrinkage S (%) 6.8 7.6 0 

 
The TPU-laminated conductive ribbons shrank between 6.8 and 7.6% due to the ul-

trasonic welding process. Therefore, in the following interconnection welding tests, the 
lengths of the Elasta Vestil and High Flex 3981 ribbons were adjusted. 

3.2. Interconnection welding tests and contact resistances 
Cotton substrates were embroidered with the four selected conductive hybrid yarns 

by the external partners VÚB a.s. and University of West Bohemia and provided for this 
study. The pre-determined welding parameters for each yarn are listed in Table 5. While 
power (P = 100 W) and force (F = 100 N) remained the same in the welding interconnection 
tests, the speed v and gap size s were varied depending on the different diameters of the 
yarns as well as the thickness of the ribbons. 

Table 5. Process parameters for determining speed and gap size values for optimization of welded 
contact resistances. 

Ribbon Yarn 

Speed v 
(m/min) for 
Parameter 1-

3 

Speed v 
(m/min) for 
Parameter 4-

5 

Gap size s 
(mm) for 

Parameter 
1 

Gap size s 
(mm) for 

Parameter 
2 

Gap size s 
(mm) for 

Parameter 
3 

Gap size s 
(mm) for 

Parameter 
4 

Gap size s 
(mm) for 

Parameter 
5 

Figure 10. Visual fracture determination of the samples after the peel tests: (a) mixed fracture for
Amotape 3587; and (b) adhesion fracture for High Flex 3981 prelaminated with TPU.

From the results of the peel tests, it was confirmed that some optimum welding param-
eters are the same for all different samples: P = 100 W, F = 100 N, and v = 0.2–0.4 m/min. At
higher powers, carbonization of the materials could be observed, which led to failures both
visually and functionally. In addition, excessively high gap sizes and speeds do not allow
melting and bonding of the contact partners. If the gap distances are too small, the materials
are pressed too hard, which is noticeable as audible squeaking and can lead to damage to
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the materials and welding tools. With the determined welding parameter windows, the
next tests were carried out to measure the shrinkage of the conductive ribbons, with the
results listed in Table 4.

Table 4. Determination of the shrinkage behavior of the welded conductive ribbons.

Value Elasta Vestil High Flex 3981 Amotape 3587

Initial length L0 (mm) 39.5 39.4 38.7
Length after welding L (mm) 36.8 36.4 38.7

Shrinkage S (mm) 2.7 3 0
Shrinkage S (%) 6.8 7.6 0

The TPU-laminated conductive ribbons shrank between 6.8 and 7.6% due to the
ultrasonic welding process. Therefore, in the following interconnection welding tests, the
lengths of the Elasta Vestil and High Flex 3981 ribbons were adjusted.

3.2. Interconnection Welding Tests and Contact Resistances

Cotton substrates were embroidered with the four selected conductive hybrid yarns
by the external partners VÚB a.s. and University of West Bohemia and provided for this
study. The pre-determined welding parameters for each yarn are listed in Table 5. While
power (P = 100 W) and force (F = 100 N) remained the same in the welding interconnection
tests, the speed v and gap size s were varied depending on the different diameters of the
yarns as well as the thickness of the ribbons.

Table 5. Process parameters for determining speed and gap size values for optimization of welded
contact resistances.

Ribbon Yarn
Speed v

(m/min) for
Parameter 1–3

Speed v
(m/min) for

Parameter 4–5

Gap Size s
(mm) for

Parameter 1

Gap Size s
(mm) for

Parameter 2

Gap Size s
(mm) for

Parameter 3

Gap Size s
(mm) for

Parameter 4

Gap Size s
(mm) for

Parameter 5

Elasta Vestil

Y08 0.4 0.4 0.2 0.3 0.4 0.6 0.8
Y09 0.4 0.4 0.3 0.4 0.5 0.7 0.9
Y12 0.4 0.4 0.35 0.45 0.55 0.75 0.95
Y13 0.4 0.4 0.15 0.25 0.35 0.55 0.75

High Flex 3981

Y08 0.2 0.4 0.1 0.2 0.3 0.1 0.2
Y09 0.2 0.4 0.2 0.3 0.4 0.2 0.3
Y12 0.2 0.4 0.25 0.35 0.45 0.25 0.35
Y13 0.2 0.4 0.05 0.15 0.25 0.05 0.15

Amotape 3587

Y08 0.2 0.4 0.1 0.2 0.3 0.1 0.2
Y09 0.2 0.4 0.2 0.3 0.4 0.2 0.3
Y12 0.2 0.4 0.25 0.35 0.45 0.25 0.35
Y13 0.2 0.4 0.05 0.15 0.25 0.05 0.15

Figures 11–14 show the obtained and measured results on the welded contact re-
sistances of the corresponding conductive ribbon/yarn combinations. The results are
presented as box plots since with 10 or 11 individual tests per combination, sufficient
values were available for a statistical evaluation. An auxiliary line at 50 mOhm is drawn to
clearly indicate the target value for the contact resistance formulated in Section 2.6. The Y13
yarn variant developed for heating applications consists of only a very few stainless-steel
filaments, and therefore, has a very high resistance, which is why the measured contact
resistances here clearly exceed the 50 mOhm threshold value of Rc. The combination of Y13
and High Flex 3981 did not achieve an electrical contact in any test; therefore, no diagram
is provided. For a better overview of the results obtained, the Y-axis in several diagrams
was scaled differently and drawn in two colors. A blue ordinate axis indicates a contact
resistance in the lower ohm range, a red one in the higher ohm range and the sign “X”
stands for an electrical fault in all diagrams.
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Table 6 shows the percentage of contact failures for all results, which indicates the
quality of the ultrasonic welding process for each material and parameter, except the high
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impedance Y13 contact resistances. A failure indicates a contact resistance over 50 mOhm
or no contact measured. Note that, as listed in Table 5, each material combination has
different parameters for speed and gap size for numbers 1–5.

Table 6. Failure rate of welded ribbons interconnected with conductive yarns for all parameters.

Conductive
Ribbon

Interconnected
with

Failure Rate
(%) for

Parameter 1

Failure Rate
(%) for

Parameter 2

Failure Rate
(%) for

Parameter 3

Failure Rate
(%) for

Parameter 4

Failure Rate
(%) for

Parameter 5

Elasta Vestil
Y08 14.3 14.3 0 0 42.9
Y09 0 0 0 7.1 50
Y12 0 0 0 0 57.1

High Flex 3981
Y08 0 0 0 0 6.7
Y09 0 0 6.7 0 0
Y12 0 0 0 0 0

Amotape 3587
Y08 26.7 46.7 13 60 100
Y09 33.3 20 0 26.7 33.3
Y12 40 20 6.7 6.7 13.3

In the welding interconnection tests, the Elasta Vestil ribbon performed well as low
contact resistances could be determined over a wide window of welding parameters with
low failure rates. After TPU embedding, High Flex 3981 not only offered the best adhesion
to the textile substrate, but of the three conductive ribbons tested, it achieved the best
electrical results, which could be due to the material structure having a large metallic
surface contact area and a ductile polymer core. In addition, not only are the contact
resistances low, but the process yield is also high over a large parameter window. With
Amotape 3587, however, the defect rate is higher with a relatively high contact resistance
compared with the other two ribbon variants.

A few optimizations were carried out for the second final batch of test vehicles.
First, AMOHR Technische Textilien GmbH developed and provided the new Amotape
46050, which consists of crossing, silver-plated copper strands and thus, like the other
ribbons, has an advantageous parallel connection of the individual metal strands resulting
in lower conductor resistances. Furthermore, additional hotmelt adhesive yarns were
incorporated into the conductive ribbon, which improved the mechanical adhesion to the
textile substrate.

The best values from the evaluations of the first batch were selected as final welding
parameters and are listed in Table 7. Due to the similar material thicknesses, the welding
parameters determined for Amotape 3587 were also used for Amotape 46050. However, to
reduce the test matrix and the testing workload, only two yarn variants were used in the
final batch, Y08 and Y12.

Table 7. Overview of the determined welding parameters for the final batch.

Conductive Yarn Interconnected with Power P (W) Force F (N) Speed v (m/min) Gap Size s (mm)

Y08
Elasta Vestil 100 100 0.4 0.4

High Flex 3981 100 100 0.2 0.2
Amotape 46050 100 100 0.2 0.2

Y12
Elasta Vestil 100 100 0.4 0.55

High Flex 3981 100 100 0.2 0.25
Amotape 46050 100 100 0.2 0.35

3.3. Results of the Reliability Tests

After ultrasonic welding, the initial contact resistances were measured and then the
specimens were tested using the test methods described in Section 2.9. For this purpose,
the batch of samples was evenly divided into four parts. After completion of the reliability
tests, all contact resistances were again determined by means of a four-point measurement.
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The results for the final batch are shown in the following Figures 15–17. For a simplified
overview, all the initial contact resistances are listed as mean values. For welding of Y08
with Elasta Vestil, the mean value is 3.75 mOhm, for High Flex 3981 it is 1.0 mOhm and
for Amotape 46050 it is 1.1 mOhm. For contacting Y12, the mean values are 5.0 mOhm for
Elasta Vestil, 4.25 mOhm for High Flex 3981 and 1.0 mOhm for Amotape 46050.
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Based on a five-point rating scale, the individual test results are summarized in Table 8.

Table 8. Evaluation of the influence of the reliability tests on the welded contact resistances.

Reliability Test Conductive Yarn Elasta Vestil High Flex 3981 Amotape 46050

Temperature Cycle Y08 excellent excellent excellent
Y12 excellent excellent excellent

Damp/Heat Y08 excellent excellent good
Y12 excellent good good

Buckling Y08 fair excellent poor
Y12 good excellent bad

Washability Y08 poor poor bad
Y12 poor bad bad

3.4. Optical Analysis of the Electrical Interconnection

To gain an initial insight into the ultrasonically welded contact structures, cross-
sections of unstressed specimens were prepared and examined on a Keyence VHX-6000
digital light microscope. Figure 18 shows a cross-section of a contact between the indi-
vidual conductors of the High Flex 3981 ribbon and Y08 yarn. Material compression and
deformation of the metal strands in the contact area and the stamp imprint of the knurled
welding wheel on the material surface are clearly visible.

All the samples were further inspected with a Phoenix nanome x 180 X-ray microscope
before and after the reliability tests. No conductor breakages that could occur due to
the ultrasonic vibrations were detected in any of the samples. An exemplary image of a
contacted sample is shown in Figure 19a. Using X-ray microcomputed tomography (µ-CT)
with a Phoenix nanotom m 180, selected samples were scanned three-dimensionally to gain
a more detailed insight into the contact structure. A µ-CT image is shown in Figure 19b.

3.5. Functional Samples with Continuously Ultrasonic Welded Contacts

Various electrically heatable functional samples were prepared to demonstrate the
developed interconnection technology as heatable textiles also account for the largest
share of the e-textile market [3] (p. 11). First, textile samples with embroidered or knitted
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Y08 heating yarns were produced, and then the integrated yarns were connected with
conductive ribbons using US welding. Figures 20 and 21 show two such demonstrators. The
flat, flexible structures of the contact tapes, which bond seamlessly to the textile substrate,
as well as the low contact resistance, can be seen in the attached (thermal) images. Figure 22
shows the final demonstrator, which consists of a 190 cm × 90 cm large knitted bed sheet
with knitted heating conductors made of Y08 yarn, onto which Elasta Vestil ribbons were
welded on the upper and lower sides so that all parallel-running heating conductors were
electrically and mechanically interconnected.
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Figure 22. A 90 cm × 190 cm knitted bed sheet with integrated Y08 yarns, ultrasonically welded
with conductive ribbon Elasta Vestil as a continuous contact element for the interconnection of the
heating yarns.

4. Discussion

A new joining method for continuous electrical interconnections of textile-integrated
conductors with conductive ribbons attached by means of rotary ultrasonic plastic welding
has been proposed, tested and investigated. For this study, four selected hybrid conductive
yarns were embroidered onto a cotton substrate and then woven or braided commercial
conductive ribbons were welded onto the yarns by a flatbed ultrasonic welding machine
equipped with a knurled steel anvil wheel and sonotrode as welding tools. Thermoplastic
films laminated onto the ribbons or hot melt yarns already woven into the ribbons were
tested as adhesives for a stable mechanical joint. As the TPU-coated ribbons shrank by
7–8% during ultrasonic welding, the ribbon length had to be individually adjusted for
the experiments.
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Empirical experiments were used to determine the optimum welding parameters.
By measuring the highest peel forces of the welded conductive ribbons on cotton fabric,
the welding power P of 100 W, welding force F of 100 N and welding speed v between
0.2 and 0.4 m/min were determined as optimal, and no influence of the conductive ribbon
or adhesive on these results was observed. In contrast, the different material thicknesses
strongly influenced the welding parameter gap size s. In extensive tests, the optimal gap
sizes could be determined for each material combination by means of a four-point resistance
measurement of the contact resistances achieved. Thus, a continuous ultrasonic welding
process setup could be determined for each material combination, with the best results
having a 100% yield and low contact resistances in the range of 1 - 10 mOhm.

In evaluating the reliability tests, washability remains the biggest challenge for e-
textiles, whereas the ultrasonically welded contacts showed no or only minor ageing
or failure after the climatic and mechanical tests. Some samples showed delamination
between the textile substrate and conductive ribbon during the buckling or washing test,
mainly with Elasta Vestil and Amotape 46050, which also had significantly lower peel
forces than High Flex 3981. In the case of High Flex 3981, the TPU top layer was damaged
during washing, causing the then no longer encapsulated conductive ribbon to twist and
so partially loosen from the textile structure during the washing cycles.

The X-ray analysis did not show any broken conductors, but in the µ-CT images,
several conductor fractures could be identified where the metal wires from the ribbons
came into contact with those from the hybrid conductive yarns. This indicates that the
brittle metal wires could break in some cases during ultrasonic welding. However, due to
the redundant design with numerous conductors running in parallel for the conductive
ribbons and yarns, this did not result in contact failure. The broken conductors as well as
all the conductive materials are embedded so well in the textile and thermoplastic matrix
that even extreme loads such as the buckling test did not lead to contact failure.

5. Conclusions

This study has proven that the continuous ultrasonic welding technique is suitable for
the manufacturing of multiple interconnects for large-area e-textiles. Although washability
has not yet been achieved, we see the greatest advantage in realizing a flat, flexible as
well as thermally and mechanically stable interconnection and thus realizing a reliable
contact between hybrid conductive yarns and potentially endless conductive ribbons.
The reparability option and possible separation of the conductive ribbons in a recycling
process at the end of the life cycle—due to thermoplastic adhesives, which can be softened
again and thus detached from the textile substrate—also adds to the sustainability of the
interconnection method.

The use of commercial materials as well as an established textile manufacturing
technique enables a fast technology transfer into industry. The first areas of application for
continuous ultrasonic welding could be in the production of large-area heating textiles, for
example as seat heating in cars, as indoor wall heaters, and also for cut-detection sensor
fabrics in truck tarpaulins or house roofs.

In the future, further development of the conductive ribbons could achieve higher
reliability and thus open up new fields of application, for example, in smart clothing. For
this purpose, investigations into suitable thermoplastics are planned, in particular, the use
of different and thicker TPU films for better encapsulation of the metallic conductors, tests
with low-melting films to increase the process speed and tests to increase adhesion through
the integration of suitable TPU-based yarns into the welding area of the textile carrier.
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Abstract: Fruit peels are a rich source of many substances, such as pectin. Extraction of natural
thickening agent (pectin) from fruit waste such as (orange and pomegranate peels) is an environ-
mentally friendly alternative to commercial thickeners and is cheap for use in the printing of natural
and synthetic fabrics, especially polyester and polyacrylic fabrics. Hexamine was used to treat the
extracted pectin to make it appropriate for use in an alkali medium for printing cotton fabric. The
results showed that the extracted and modified pectin have good rheological properties as well as
bacterial resistance. Pectin is suitable for use in an acidic medium. All the printed samples with
pectin and its modified synthetic dyes (reactive, acid, and disperse) exhibited good fastness towards
washing and wet and dry rubbing. The light fastness of printed textiles was excellent (7), which is
more than using alginate as a thickener (5). In both acidic and alkaline perspiration, the perspiration
fastness characteristic revealed 3–4 to 4–5 color differences. Colorfastness to rubbing was tested in
both dry and wet conditions, and it was revealed that dry rubbing had the same effect as wet rubbing.
Printed textiles using pectin or modified pectin as thickeners exhibit antibacterial activity. Physical
and mechanical properties of all printed fabrics such as (tensile strength, elongation, and surface
roughness) were enhanced.

Keywords: pectin; hexamine; plant peel waste; thickener; printing

1. Introduction

Textile printing is becoming a well-known technology in the textile wet-processing
industries for all fibers, textiles, and garments. Textile printing seems to be the most
versatile and widely used way of imparting color and pattern to textile fibers. Textile
printing is a significant method of producing ornamental textile fabric. Color is obtained
using dyes or pigments in printing paste. Printing is a type of dyeing in which colors
are applied to specific parts of the cloth rather than the entire fabric. The dyes and other
auxiliaries are glued with a natural or synthetic thickening agent to confine the coloring
materials to the design area. A successful print requires precise color, sharpness of mark,
levelness, excellent hand, and efficient dye use: all of these characteristics are affected by
the type of thickener employed [1–7].

Thickening agents are an important component of any printing process. Thickeners
are high-molecular-weight viscous chemicals that form a sticky paste with water, imparting
stickiness and plasticity to the printing paste. These thickeners help to keep the design
outlines from spreading even under high pressure. The primary function of thickeners in
the textile industry is to retain or stick dye particles to the targeted portions of the fabric
until the dye has transferred to the fabric surface and its fixation has been completed. A
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thickener adds viscosity to printing pastes, prevents early reactions between the print
paste’s chemicals, and aids in the seizing of the print paste’s constituents on textiles. The
thickener must be stable and suitable with the dyes and dyeing auxiliaries that are being
employed [8–11].

Natural thickeners are polysaccharides derived from nature, such as plant exudates,
seaweeds, seeds, and roots, which are commonly utilized. Some of them seem to be
appropriate for printing with a specific color category, but they should be chemically
adapted to satisfy the standards for printing [1,9].

Pectin is a complex polysaccharide combination that accounts for around one-third
of the dry cell-wall material in higher plants. These chemicals are present in much lower
concentrations in grass cell walls. Pectin concentrations are greatest in the middle lamella
of the cell wall, with a steady decline as one moves through the main wall into the plasma
membrane. Although pectin is found in almost all plant tissues, the number of sources
from which pectin may be commercially manufactured is quite restricted. Because pectin’s
capacity to form gel is dependent on the molecular size and degree of esterification (DE),
pectin from different sources does not have the same gelling ability owing to variances in
these characteristics [12–15].

As a result, detecting a substantial amount of pectin in fruit is insufficient to certify
that fruit is a source of commercial pectin. Now, commercial pectin is virtually entirely
generated from citrus peel or apple pomace, both of which are byproducts of juice (or cider)
production. On a dry-matter basis, apple pomace comprises 10–15% pectin. Citrus peel
contains 20–30% vitamin C. Citrus and apple pectin are identical in terms of application.
Citrus pectin is pale cream or light tan in color, but apple pectin is usually deeper [16].

Pectin is used in the cosmetics, pharmaceutical, and food industries to stabilize acid-
ified milk drinks or juice and as a gelling or thickening agent. Pectin has also been the
subject of special attention from nutritionists. It is used as dietary fiber and exerts physio-
logical effects on the intestinal tract by increasing the transit time and the absorption of
glucose [17].

This study aims to use a natural thickening agent extracted from fruit peel (orange
and pomegranate peels) in printing paste. Then the extracted pectin from both orange and
pomegranate peel was modified with hexamine to improve its ability to store and against
high pH to be able to be used as a thickener in the printing paste of cotton fabric.

The rheological properties of extracted pectin from orange and pomegranate peels
and modified pectin were evaluated, including the influence of pH. The effect of prepared
pectin thickeners on the color strength, fastness, mechanical, and physical qualities of the
different textiles was also analyzed.

During this study, the different fabrics (cotton, wool, acrylic, and polyester) were
printed using the appropriate dyes for the fibers (reactive, acid, and disperse dyes).

2. Materials and Methods
2.1. Material

Cotton (100%; 158 g/m2), polyester (100%; 160 g/m2), polyacrylic (100%; 160 g/m2),
and wool (100%; 210 g/m2) fabrics were purchased from Misr El-Mahala Co., El-Mahala,
Egypt. The natural gel was extracted from the citrus peel (orange and pomegranate peels
collected from the local market) to use as an eco-friendly thickener. Alginate was purchased
from Fluka BioChemica GmbH Co. and DELL thickener P (as a polyacrylate inverse
nonionic emulsion), produced by Delta for Chemical Industries, Egypt.

C.I. Reactive blue 19 as a reactive dye, Telon Blue BRL as an acid dye, and Dianix Blue
SE-2R as a dispersed dye were kindly supplied by Dystar Co., Cairo, Egypt. Hostapal CV, an
anionic textile auxiliary based on alkyl aryl polyglycol ether, was used as a detergent. The
sodium bicarbonate, acetic acid, ethyl alcohol, and urea used were laboratory-grade chemicals.
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2.2. Method
2.2.1. Extraction of Pectin from Fruit Peels

Pomegranate or orange peels were split/cut into four parts, and the peels were
removed (a soft white substance inside the skin of citrus fruits). The peels were cut further
into smaller pieces for easy drying and then washed with a large volume of water to remove
glycosides and the bitter taste of the peels and to remove the residues of the pesticide spray.
Afterward, they were air-dried for 24 h [18–20].

The peel pieces (30 g) were weighed and put into a 1000 mL beaker containing 450 mL
distilled water, and 2.6 mL hydrochloric acid was used to achieve a pH of 1.27. After that,
the fruit peel was boiled for an hour. The residues were then removed from the extracts by
filtering them through a fine mesh. The fine mesh was rinsed with 250 mL of boiling water,
and the combined filtrate was allowed to cool to 25 ◦C to prevent the heat destruction of
the pectin. The extracted pectin was precipitated by adding 200 mL of 95% isopropanol to
100 mL of extracted pectin and thoroughly swirling for 30 min to allow the pectin to rise
to the surface. The gelatinous pectin flocculants were subsequently removed by filtering.
The pectin extract was refined by washing it in 200 mL of isopropanol and pressing it on
nylon fabric to remove the HCl and universal salt residues. The pectin that resulted was
measured, crushed into little pieces, and air-dried.

Finally, the dried pectin was ground into tiny parts with a pestle and mortar and
measured with a digital weighing balance [20,21] Figures 1 and 2 illustrate a schematic
diagram and photo for the preparation of pectin from fruit peel.
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2.2.2. Modification of Pectin with Hexamine

Hexamine compound was used to modify the extracted pectin as follows: 5 g extracted
pectin was dissolved in 100 mL distilled water under stirring until it formed a clear solution.
Then, 30 g hexamine was added to the solution under constant stirring; the temperature
was adjusted to 30 ◦C, and the mixture was kept under stirring for 48 h. The mixture was
then dried overnight in a vacuum oven at 30 ◦C. The resulting modified pectin was used as
resulted without further purification

2.2.3. Preparation of Thickening Agents

Different thickening agents (alginate, DELL P, extracted pectin, and modified pectin)
were prepared in various concentrations (1, 2, 3, 4, 5%) to investigate their rheological
behavior during this work. Alginate and DELL P thickeners were used for comparison
with the prepared thickeners.

2.2.4. Preparation of Printing Paste

The printing paste was prepared using a different thickener, as described in the
previous recipes. To prepare the printing paste, sodium carbonate, urea, glycerin, dispersing
agent, citric acid, and dyes were added to the thickeners. Before applying the paste to
the textiles, it was kept for 2–3 h after mixing (to allow the paste to relax after mixing
and cooling to the internal temperature). The samples were then printed using a manual
silkscreen with the printing produced.

The following recipe listed in Table 1 shows the recipe used to prepare the printing
paste for cotton fabric using C.I. Reactive blue 19 as a reactive dye, for wool fabric using
a Telon Blue BRL as an acid dye, and for polyester and acrylic fabrics using Dianix Blue
SE-2R as a dispersed dye

Table 1. The recipe used to prepare the printing paste.

Type of Dye Reactive Dye (Reactive Blue 19) Acid Dye (Telon Blue BRL) Disperse Dye (Dianix Blue SE-2R)

Amount of dye 3 g 3 g 3 g

Thickener 70 g 70 g 70 g

Urea 15 g 15 g 15 g

Sodium carbonate
till pH = 6 with pectin and
pH 8 with alginate and modified
pectin

till pH = 5.5 till pH = 6

Glycerin 2 g 2 g 2 g

Dispersing agent 2 g

Sodium dihydrogen
phosphate 1 g

Water Y g Y g Y g

Total 100 g 100 g 100 g

2.2.5. Application of Printing Paste to Textile Fabrics

Flat-screen printing was used during this research. The printed cotton fabric was
dried at 100 ◦C for 3 min before being thermofixed at 140 ◦C for 5 min. The printed fabrics
were then rinsed with cold water for about 15 min before being washed in warm water
(50 ◦C) with a nonionic detergent for about 15 min and then dried at 85 ◦C for 5 min. The
printed wool fabric was dried at 100 ◦C for 7 min before being thermofixed at 180 ◦C for
5 min. The printed fabrics were then rinsed with cold water for about 15 min before being
washed in warm water (50 ◦C) with a nonionic detergent for about 15 min and then dried
at 85 ◦C for 5 min. The printed polyester and acrylic fabrics were dried for 3 min at 100 ◦C
and thermofixed for 3 min at 180 ◦C. The printed fabrics were then rinsed with cold water
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for about 15 min before being washed in warm water (50 ◦C) with a nonionic detergent
for about 15 min, rinsed well, and dried at 85 ◦C for 5 min. The printed fabrics were
subsequently immersed in a reducing bath with a 1:50 liquor ratio containing 2 g/L sodium
hydrosulfite, 2 g/L sodium hydroxide, and 2 g/L wetting agent for 10 min at 60–70 ◦C. The
textiles were then thoroughly washed with cold water, neutralized with 1 g/L acetic acid
at 40 ◦C for 5 min, and dried at 85 ◦C for 5 min.

2.3. Analysis and Measurements
2.3.1. Characterization of Extracted Pectin
Fat Content

With 5 g dry peels powder and Soxhlet’s equipment, the fat content was calculated
using the ether extraction technique according to AOAC method no. 945.44 [22]. The
extraction was then dried in a water bath before being baked in a vacuum oven at 100 ◦C
for 1 h. The extract was then filtered to remove impurities from the fatty sample. The fat
content of the sample was calculated as a percentage using the formula below.

fat (%) =
weight of fat (g)

weight of the sample
× 100

Protein Content

Micro-equipment Kjeldahl’s was used to determine the protein content in line with
AOAC method number 991.20 [23]. A total of 0.2 g defatted peel powder was digested in a
mixture of catalyst (1 g) and 5 mL each of H2O2 and concentrated H2SO4 Before collecting
the ammonia distillate liberated in boric acid, the digested sample was brought to a boil.
Hydrochloric acid was used to titrate the distillation until the blue hue was fully eliminated.
The equation outlined below was used to determine the protein content.

N(%) =
(S − B)× N × 14.007 × Volume made (mL)

Weight of sample (g)× Volume taken (mL)× 100

Protein (%) = Nitrogen (%) × 6.25

where S = mL of HCl required for sample titration, B = mL of HCl required for blank
titration, N = normality of HCl (0.02 N)

Ash Content

Carbonizing a 2 g material at 290 ◦C for 6 h in a muffle furnace according to AOAC
method 923.03 yielded the ash content [24]. The amount of ash in the sample was calculated
using the formula below.

Ash (%) =
Weight of ash (g)

Weight of sample (g)
× 100

Carbohydrate Content

Carbohydrates were determined using the equation shown below:

Carbohydrate = 100 − (moisture + fat + protein + ash)%

The Percentage Yield of Pectin

The total extraction pectin yield (Ypec) was calculated using the equation below:

Ypec(%) =
P
Po

× 100

104



Textiles 2023, 3 31

where Ypec (%) is the extracted pectin yield in percent, P is the amount of extracted pectin
in grams, and Po is the initial amount of pomegranate peel (30 g).

Solubility of Dry Pectin in Cold and Hot Water

By combining 0.25 g pectin with 10 mL 95 percent ethanol and 50 mL distilled water,
the cold-water solubility of the pectin powder was evaluated. To determine solubility,
the combination was forcefully agitated, and any quantity of insoluble material in the
solution was weighed. The solution was then heated for 15 min at 85–95 ◦C to determine
the existence of any insoluble material. [25]

Solubility of Pectin in Cold and Hot Alkali (NaOH)

A total of 5 mL of pectin solution was mixed with 1 mL of 0.1 N NaOH and heated at
85–90 ◦C for 15 min. [20,21]

Sugar and Organic Acids

A total of 1 g of pectin was added in separate 500 mL flasks and moistened with 5 mL
ethanol, 100 mL water poured fast, agitated, and left to stand for 10 min; 100 mL ethanol
with 0.3 mL hydrochloric acid was added to this solution, quickly combined, and filtered;
then 2.5 mL of the filtrate was measured into a conical flask (25 mL), the liquid evaporated
on a steam bath, and the residual dried in an oven at 50 ◦C for 2 h.

Determination of Equivalent Weight of Dried Pectin

In a 250 mL conical flask, 0.5 g of dried pectin was placed, and 5 mL of 95% ethanol
was added. One gram of sodium chloride and 100 mL of deionized water were added.
Then, six drops of phenol red were added and titrated against 0.1 M sodium hydroxide.
The pink hue denoted the titration point. The equivalent weight was calculated using the
following equation: [26]

EW =
Ws × 1000

VNaOH × MNaOH

where EW = equivalent weight of dried pectin (%), VNaOH = volume of alkali (ml), MNaOH
= molarity of alkali, and Ws = weight of sample

Determination of Methoxyl Content of Dried Pectin (MeO%)

The neutralized solution was collected after calculating the equivalent weight, and 25
mL of sodium hydroxide was then added. The blended solution was well agitated and left
at room temperature (25 ◦C) for 30 min. Then, 30 min later, 25 mL of 0.25 M hydrochloric
acid was added and titrated against 0.1 M sodium hydroxide. The methoxyl content was
calculated using the following equation: [27]

MTC =
VNaOH × MNaOH × 3.1

Ws

MTC = methoxyl content of dried pectin (%).
VNaOH = volume of alkali (mL), MNaOH = molarity of alkali, and Ws = weight of the sample.

Measurement of the Ash Content of Dried Pectin

A total of 5 g of dried pectin was placed in a weighted empty crucible. The crucible was
moved to a furnace heated at 60 ◦C to burn out any biological stuff. The carbon scorched
and eventually burned away as carbon dioxide, leaving black ash behind. This procedure
took 24 h. The crucible was removed from the furnace and cooled in a desiccator. After
cooling, the crucible was reweighed. The ash content was calculated using the following
equation: [28]

AC =
Wa

Ws
× 100

105



Textiles 2023, 3 32

AC = ash content of dried pectin (%), Wa = weight of ash (g), and Ws = weight of the
sample (g).

Determination of the Degree of Esterification of Dried Pectin

At 40 ◦C, 20 g of dry pectin was moistened with ethanol and soluble in 20 mL of
distilled water. After the pectin had completely dissolved, 5 drops of phenolphthalein
were added to the solution. Following that, the solution was titrated with 0.5 M sodium
hydroxide; in addition, the amount of the sodium hydroxide solution utilized for color
change was noted as V1. Following that, 10 mL of 0.5 M sodium hydroxide was added,
and the solution was vigorously agitated and allowed to rest for 15 min. In addition, 10 mL
of 0.5 M hydrochloric acid was added, and the solution was agitated till the pink tint was
gone. During the last stage, the solution was titrated with 0.5 M sodium hydroxide, and
the amount consumed was noted as V2. The degree of esterification was calculated using
the following equation: [29–31]

DE (%) =
V2

V1 + V2
× 100

DE = degree of esterification of dried pectin (%), V1 = initial titration volume (ml), and
V2 = final titration volume (mL).

Determination of Total Anhydrouronic Acid Content of Dried Pectin

Estimating the anhydrouronic acid content (AUA) is critical for determining purity
and the degree of esterification (DE), as well as for assessing pectin’s physical characteristics.
Pectin, a partially esterified polygalacturonide, comprises at least 10% organic material in
the form of galactose, arabinose, and other sugars. Using comparable weight, methoxyl
content, and ash alkalinity values, anhydrouronic acid was calculated [32].

AUA (%) =
(Vm + Ve)× MNaOH × 176

Ws × 1000
× 100

where Vm = mL (titer) of NaOH from methoxyl content determination, Ve = mL (titer) of
NaOH from equivalent weight determination, Ws = weight of the sample, and 176 is the
molecular weight of anhydrouronic acid.

Determination of Acetyl Value (ACV) of Dried Pectin

With stirring, 0.5 g of dried pectin sample was dissolved in 0.1 M sodium hydroxide
solution and left to stand overnight. Distilled water was used to dilute the contents to
50 mL, and an aliquot (20 mL) was placed in the distillation apparatus. A magnesium
sulfate–sulfuric acid solution (20 mL) had also been added to the distillation device and
distilled, yielding approximately 100 mL of distillate. Utilizing phenol red as an indicator,
the distillate was titrated with 0.5 M sodium hydroxide. A blank distillation was performed
utilizing 20 mL of the magnesium sulfate–sulfuric acid solution, and the distillate was
titrated. The acetyl content was calculated using the following equation: [27]

ACV =
VNaOH × NNaOH × 4.3

Ws

ACV = acetyl value of orange peel dried pectin (%)

Moisture Content Determination

An emptied dry petri dish was baked, chilled in a desiccator, and weighed. A total
of 0.5 g of pectin samples was placed in the crucibles in an oven set at 130 ◦C for one
hour, following which the Petri dish was removed, cooled in a desiccator, and weighed.
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This procedure was carried out once more. The moisture content was calculated using the
following equation: [20,21]

Moisture Content (%) =
Weight of the Residue
Weight of the Sample

× 100

2.3.2. Rheological Behavior and Power Law

The rheological activity and power low of the thickening agent were studied at
25 ± 0.1 ◦C with a coaxial rotary viscometer (HAAK V20), Germany [33,34]. A co-axial
rotary viscometer (HAAK V20, Germany) was used to evaluate the thickening agent’s rheo-
logical behavior at 25 ◦C. The result of shear stress (τ; dyn/cm2) versus shear rate (γ; s−1)
is known in Newton’s law as the apparent viscosity (η; cP), as shown in the equation: [35]

η =
τ

γ

The power-law equation of Ostwald de Waele is another name for the power-law model.

τ = K γn

where γ represents shear rate, and K represents the consistency coefficient, which specifies the
entire viscosity range throughout the region of the current flow curve and is the viscosity or
stress at a certain shear rate point. The index of the power law is represented by the n number.
The n value for a shear-thinning fluid was larger than 0 and less than 1 (0 n 1), indicating
that the closer a sample is to zero, the more shear thinning. As a result, the viscosity may be
defined as [36–38]

η = K γn−1

When shown in logarithmic form, log shear stress vs. log shear rate graphs of the top
curve for many fluids become linear. The data of shear thinning and shear thickening for
fluids is described by the power-law model. As a result, the following equation can be
constructed by taking the natural logarithms of both sides from the preceding equation:

logη = (n − 1) logγ+ log K

When plotting log (η) versus log (γ), the result is linear. It is, nonetheless, helpful in
evaluating and spotting trends in experimental data. This model is especially valuable since
it can provide data with shear rates ranging from 10 to 104 s−1 [36]. The disadvantage of
this approach is that it does not account for shear-thinning fluids with a constant viscosity
at low and high shear rates [39,40].

2.3.3. FTIR Measurement

The FTIR tester of the JASCO spectrometer connected with the diamond ATR unit was
used to analyze the spectrum of the modified pectin. The measurement was done from
400 to 4000 cm−1 by the accomplishment of 128 reads.

2.3.4. Color Measurements

The Hunter Lab Ultra-Scan Pro was used to evaluate the color intensity of printed fabrics
at Egypt’s National Research Center. The traditional form is represented by the characters
K/S. The Kubelka–Munk equation was used to determine the K/S values [41–45].

K/S =
(1 − R)2

2R
− (1 − Ro)

2

2Ro

where K is the absorption coefficient; S is the dispersion coefficient; Rkmax is the fabric’s
reflectance at its highest wavelength.
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2.3.5. Colorfastness Properties

The colorfastness to washing was tested by using a Laudner-Ometer according to the
AATCC test procedure 61–2013 [46]. The colorfastness against friction (dry and wet) was
tested utilizing a crock meter according to the AATCC test method 8–2016 [47]. AATCC test
method 15–2013 was used to measure colorfastness to perspiration (acidic and alkaline) [48].
The colorfastness to light was determined according to the AATCC test method 16.1–2014 [49].
The Gray Scale guideline for the color shift was used to evaluate the printed textiles.

2.3.6. Mechanical Properties of the Treated Fabric

Tensile properties must be measured at 25 ◦C and 65 percent relative moisture us-
ing an FMCW 500 tensile strength machine (Veb Thuringer Industrie Werk Rauenstein
11/2612 Germany) following the ASTM D1682-59T [50]. The crease recovery angle (CRA)
was measured using the AATCC 66–2014 [51]. The fabric roughness was determined using
the surface roughness instrument SE 1700 following ASTM D 7127–13 [52]. The stiffness or
rigidity of printed textiles was tested using only cantilever equipment following ASTM D
1388-14e1 [53,54].

2.3.7. Antibacterial Activity

Antibacterial activity was quantitatively tested against Staphylococcus aureus (ATCC
29213) as a Gram-positive bacteria and Escherichia coli (ATCC 25922) and Candida Albicans
(ATCC 10231) as a fungus using the AATCC 100-2004 (bacterial-reduction method) [55],
which is a popular methodological model for antimicrobial paste studies [56].

This test cultivates uniform microbes with liquid culturing. The culture is diluted in
a nutrient solution that has been sterilized. In sealed containers, the thickening agent is
infected with microorganisms for 24 h at 37 ◦C. Shake for 1 min after incubation to measure
bacteria levels. Eventually, the quantity of microbes compared to the starting concentration
was, as follows, a percentage reduction of bacteria (R%) [57]

Percent reduction of bacteria (R%) =
B − A

B
× 1000

Therefore, A is the number of bacteria collected from an inoculated lab test in a jar through-
out the desired length of contact, and B is the number of bacteria recovered from an inoculated
measurement specimen in the jar immediately after inoculation (at “0” contact time).

2.3.8. Handle and Sharpness

Touch and eye observation were used to evaluate the textile handling and sharpness
of the printed region. The cloth was examined by three specialists, and the average of their
ratings was recorded. The textile handling was rated as smooth (S) or harsh (H), and the
sharp outline of the printed region was rated as sharp (Sh) or not sharp (Ns).

3. Results
3.1. Characterization of Fruit Peels

On a dry basis, moisture content of 9.32 and 9.11%, carbohydrate content of 79.49 and
80.29%, crude protein content of 5.54 and 5.23%, fat content of 2.11 and 2.13%, and ash content
of 3.54 and 3.24% were found in dried orange and pomegranate peel powders, respectively.

Due to its gelling characteristic, which is suited for the manufacture of low-calorie and
dietetic meals, there has lately been growing interest in the synthesis of pectin [58].

3.2. Characterization of Extracted Pectin

The physical analysis results for extracted pectin from both orange and pomegranate
peels are listed in Table 2. The total extraction yield (Ypec) in wet processing from both
orange and pomegranate peels was 16.3 and 8.14%, respectively (see Table 3), which is
as reported by researchers [32,58–62]. Previous research has found that severe extraction
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conditions improve pectin extraction yield from banana peel, apple pomace, and lemon
by-product [63,64].

Table 2. Physical analysis results for extracted pectin from both orange and pomegranate peels.

Parameter Orange Peel Pomegranate Peel

Color Light yellow Dark brown

Solubility in cold water Dissolved slightly and forms a suspension after vigorous shaking

Solubility at 85–90 ◦C for 15 min The mixture dissolves.

Solubility of pectin suspension in cold alkali The pectin suspension forms a yellow precipitate.

Solubility of pectin suspension in hot alkali The pectin suspension dissolved and turned milky.

Sugar and organic acid 36.1% 37.2%

The extraction of pectin from orange, passion fruit, dragon fruit, and citric waste peels
at a correspondingly increased extraction temperature and at low pH results in increased
pectin production. Low pH indicates increased acid concentration (acidic), and a higher
acidity level boosts the extraction yields of different kinds of pectin and proto-pectin [65].

This is due to the fractionation of glycosidic bonds in neutral polysaccharides that are
much more sensitive to pH than the connection between two galacturonic acids, resulting
in the breakdown of neutral sugar side chains.

Furthermore, a high concentration of hydrogen ions in the solvent triggers protopectin
hydrolysis at low pH, causing the repression of the ionization of the hydrated carboxy-
late groups by turning them into hydrated carboxylic acid groups [63,66]. This loss of
carboxylate groups reduces the repulsion of polysaccharide molecules, which increases
pectin gelation, resulting in much more precipitated pectin at lower pH [67].

In general, pectin is differentiated by the degree of methylation, which is a crucial
factor in pectin function regulation. The degree of esterification for dried pectin (DE)
from both orange and pomegranate peels was 63.8 and 63.2%, respectively (see Table 3).
The degree of esterification is a key molecular marker for pectin categorization because it
reflects the extent to which carboxyl groups in pectin molecules exist as methyl ester. The
pectin produced is classified as high methoxyl pectin (HMP), since it has a high proportion
of esterification, more than 50%. Pectin with a significant level of esterification can form gel
fast at high temperatures, resulting in a more effective influence on the lipid profile [68]. The
degree of esterification, on the other hand, merely shows the ratio of methanol-esterified
carboxyl groups to free carboxyl groups, while the methoxyl rate relates to the number of
methoxyl groups in a sample [69].

Because the degree of methyl esterification (DM) for both orange and pomegranate
peels were 6.07 and 5.32%, respectively (see Table 3), predominantly high methoxyl pectin
was recovered. Lower DM levels were obtained as a result of extraction as corroborating
results reported for pectin extraction from banana peels and durian rinds [63]. This is
attributed to the de-esterification of the polygalacturonic acid chain being aided by harsher
extraction conditions [63,70,71]. Furthermore, stronger treatments may have extracted
more firmly bonded pectin, potentially with a lower DM content [72].

Kanmani et al. discovered that the methoxyl content of pectin ranges between 0.2 and
12% based on the source and technique of extraction. Because the value achieved was
less than 7%, the dried pectin has a low ester characteristic, implying that it is good in
terms of quality. Pectin with a low methoxyl concentration creates a thermo-irreversible
gel, meaning it remains gelled even when heated to temperatures that would ordinarily
dissolve it [60,73].

The equivalent weights for both orange and pomegranate peels were 614.7 and 523.21 g,
respectively (see Table 3). Pectin has a noticeable physical feature called equivalent weight,
which is the most significant factor in defining pectin’s functional behavior. Individual
pectin gelling capacities are extremely strongly related to comparable weight. A higher
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equivalent weight has a stronger gel-forming impact. A low equivalent weight indicates a
higher partial breakdown of the pectin, which is undesirable [74].

The total anhydrouronic acid level of dried pectins for both orange and pomegranate
peels were 72.67 and 66.32%, respectively (see Table 3). Pectin must include at least 65%
galacturonic acid, according to the Food Chemical Codex (FCC), Food and Agriculture
Organization (FAO), and European Union (EU) [75]. The amount of anhydrouronic acid in
pectin affects its gelling ability. The high value obtained indicates that the extracted pectin
has little protein.

The dried pectin from both orange and pomegranate peels has an acetyl value of
0.39 and 0.35%, respectively (see Table 3). The gelling ability of pectin also decreases as
the degree of acetylation increases. The presence of an acetyl group in pectin reduces gel
formation. Because of the low value attained, pectin is an effective gelling agent.

Table 3. Quantitative analysis results for extracted pectin from both orange and pomegranate peels.

Parameters
Orange Peel Pomegranate Peel

Actual Result Reference Result Actual Result Reference Result

Degree of esterification 63.85 65.49 ± 0.57% [14] 63.21 61.67% [58]

Equivalent weight 614.73 599.74% [27] 523.21

Methoxyl content 6.07 6.23% [27] 5.32

Total anhydrouronic acid 72.67 70.9% [27] 66.32 6.63 ± 0.40 [76]

Acetyl value 0.39 0.4% [27] 0.35

Ash content 35.88 35% [32] 51.2 4.97 ± 0.22 [76]

Moisture content 92.28 95.25% [32] 66.92 67.26 ± 0.23 [76]

The percentage yield of
pectin on a wet basis 16.32 15.92% [32] 8.14 7.84% [58]

The percentage yield of
pectin on a dry basis 1.64 1.68 [32] 1.21

3.3. Rheological Properties of Extracted Pectin

A fluid’s “viscosity” is a measurement of its resistance to flow. Newtonian (or simple
flow) and non-Newtonian complex flow are both possible in fluids. Newtonian flow is an
ideal state in which viscous liquids obey Newton’s rule of viscous flow, which says that the
flow rate is proportional to applied shearing stress. Most solvents, such as water, alcohol,
benzene, real solutions, and extremely dilute colloidal solutions, are found in Newtonian
fluids. Shear rate (S) and shear stress (F) in Newtonian fluids have a straight-line connection
and are stated in terms of absolute viscosity (η):

F = η S

Non-Newtonian fluids are fluids that do not obey Newton’s law of flow. Because shear
rate and shear stress in these fluids do not have a linear relationship, they are typically
described in terms of apparent viscosity (ηapp).

The rheological properties of five different concentrations of extraction pectin from
orange and pomegranate peels (1, 2, 3, 4, and 5%) were investigated. Figure 3 depicts the
effect of shear rate on shear stress and viscosity of extracted pectin, demonstrating that
the flow of prepared thickeners is characterized by the formation of a hysteresis loop that
starts at 0 and goes up to 40 before reversing and ending at a zero-share rate. It is also
possible to assume that the thickener, regardless of concentration, has a pseudo-plastically
non-Newtonian shear-thinning flow, implying significant thixotropy. The time required
to fix the thickener’s distorted internal structures is linked to its thixotropic activity. The
degree of thixotropy is defined as the area between curves up and down [77,78].
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As a result, the lower the thixotropy, the more elastic the thickening (i.e., the capacity for
the internal structure to recover after releasing the shear). As a result, the thickening is thought
to be more elastic due to the lower thixotropy (which is between the up and down curves).

Table 4 shows the area between curves for various extracted pectin concentrations
from both orange and pomegranate peels, revealing that 4 percent of pectin has a lower area,
while lower concentrations have a practically identical area from up and down the curve,
indicating improved elasticity and thickening effectiveness. In addition, the concentration
of pectin increasing by more than 4% led to irregular and unstable behavior in both shear
stress and viscosity, which proves that 4% of pectin is the most favorable to use as a
thickening agent.

3.4. Characterization of Modified Pectin

As pectin has acidic pH and increasing its pH led to destroying its viscosity, which
makes it unsuitable for use as a thickening agent in the printing paste with high pH
(especially for cotton fabric), a modification for pectin occurred to improve its rheological
behavior, as well as to use it as a thickening agent in printing paste by improving its ability
to work at high pH (9).

Hexamine, also called hexamethylenetetramine, is a heterocyclic organic compound.
Extracted pectin from both orange and pomegranate peel was modified with hexamine to
improve its ability to keep and to protect against high pH to be able to be used as a thickener
in the printing paste of cotton fabric. Figure 4 illustrates the suggested mechanism for the
modification of pectin
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Table 4. Shear rate vs. shear stress curves’ area between up and down curves using pectin as a
thickening agent (from orange or pomegranate peel extract).

Thickener Source of Pectin The Area between Up and
Down Curves

1% pectin
Orange peels 1.891

Pomegranate peels 1.845

2% pectin
Orange peels 5.626

Pomegranate peels 3.781

3% pectin
Orange peels 7.553

Pomegranate peels 7.477

4% pectin
Orange peels 3.329

Pomegranate peels 11.182

5% pectin
Orange peels 11.182

Pomegranate peels 207.48Textiles 2023, 3, FOR PEER REVIEW 14 
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Figure 4. Suggesting mechanism for modification of pectin.

The infrared spectra for pectin, hexamine, and modified pectin are illustrated in
Figure 5 and the presence of the common peaks for both original raw materials (pectin and
hexamine) is displayed.

The major peaks of extracted pectin are the hydroxyl group that appeared at 3410 cm−1

for pectin. The aliphatic C–H groups esterified carboxyl groups, and free carboxyl groups
were shown in 2928, 1748, and 1640 cm−1 for pectin [79]. The peak at 1443 cm−1 describes
the presence of a CH methyl group for extracted pectin and standard pectin. In addition,
peaks at 1160 and 1154 cm−1 indicate the presence of C–O bonds in alcohols, esters, and
carboxylic acids [80].

The IR spectrum of the hexamine compound showed absorption bands at 650, 795, 990,
1225, 1370, 1445, 1674, 2866, and 2912 cm−1 which were similar to those reported according
to the literature [81]. Of these, the bands at 1225 and 990 cm−1 were assigned to the C–N
stretching modes. In this regard, the modified pectin has the same bands likely attributed
to the C–N stretching, which confirmed the modification process.
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In addition, modified pectin has two vibration bands located at 2912 and 1225 cm−1

assigned, respectively, to the (CH) and (CN) vibration, and two bands located at 1445 and
1370 cm−1, characteristics of the δas(CH2) and δs(CH2) deformation of the hexamethylene–
tetramine ligand [82].

Effect of Storing Time on Pectin and Modified Pectin Performance

Figure 6 depicts the dehydration mechanisms that cause polysaccharides to become
(a) longer and (b) cross-linked and branching
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The storage-time investigation revealed that storage time has a significant impact on
the color of gels (4%) from both extracted pectins, which are altered by each constituent.
When compared to those stored at room temperature (25 ◦C), the pectin and its modified gel
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from both fruit peels held at 4 ◦C were considerably not changed. This might be due to the
enzymatic activity being activated at ambient temperature, causing color deterioration [34,
83]. When the gels were kept at 4 ◦C, the greatest color activity occurred without alteration.
Furthermore, as demonstrated in Table 5, the modification of both pectins maintained the
gel’s final color consistent even after 15 days of storage.

Table 5. Effect of storage time on the visual color of pectin and modified pectin.

(a) The Visual Color

Storing
time (days)

Pectin from orange peel (4%) Pectin from pomegranate peel (4%)

Pectin Modified Pectin Pectin Modified Pectin

4 ◦C 25 ◦C 4 ◦C 25 ◦C 4 ◦C 25 ◦C 4 ◦C 25 ◦C

0–3 Transparent Transparent Yellowish

Yellowish
5 Transparent Yellowish Transparent Yellowish Yellowish Fungi spots

7 Yellowish Fungi spots Transparent Yellowish Yellowish Fungi layer

15 Yellowish Fungi layer Transparent Yellowish Yellowish Fungi layer

The pH of gels (4%) from both extracted pectins held at ambient temperature ranged
between 3.57 and 4.12 and 3.71 and 4.54, which were lower than the pH of the pectin
gels ranging from 3.97–4.12 and 4.38–4.54 maintained at 4 ◦C, for the extracted pectin
from orange and pomegranate peels, respectively. This is because the enzymatic activity
produces acid, which lowers the pH at ambient temperature. At both storage temperatures,
the modified gel is more stable than the pectin gel solely. The pH value of the pectin and its
modification following storage are shown in Table 6.

Table 6. Effect of storage time on the pH of pectin and modified pectin.

(b) pH

Storing
time (days)

Pectin from orange peel (4%) Pectin from pomegranate peel (4%)

Pectin Modified Pectin Pectin Modified Pectin

4 ◦C 25 ◦C 4 ◦C 25 ◦C 4 ◦C 25 ◦C 4 ◦C 25 ◦C

0 4.12 4.12 9.11 9.11 4.54 4.54 9.01 9.01

1 4.10 4.05 9.06 8.96 4.51 4.47 8.96 8.87

3 4.07 3.97 9.00 8.82 4.49 4.38 8.90 8.72

5 4.05 3.87 8.95 8.68 4.46 4.26 8.85 8.58

7 4.02 3.73 8.89 8.54 4.43 4.11 8.80 8.45

10 4.00 3.57 8.84 8.40 4.41 3.93 8.74 8.31

15 3.97 3.37 8.79 8.27 4.38 3.71 8.69 8.18

The viscosity of the pectin gel increased after being kept at 4 ◦C for 15 days. The reason
for this is that the gel is thicker, and evaporation reduces the amount of water stored in the
gel [83]. Furthermore, after 15 days of storage, the pectin structure remained stiff, which is
due to the presence of hydrogen bonding, which can create a cross-linking connection that
affects its viscosity (see Table 7). Furthermore, gel storage at room temperature (25 ◦C) was
designed to produce an enzyme that attacks the pectin structure and the hydrogen bonding
and causes a decrease in the molecular weight as well as the viscosity (see Table 7). The
dissociation of the polymer chain of carbohydrates is used in the liquefaction gel-forming a
reactive functional group (see Figure 6) [84].
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Table 7. Effect of storage time on the apparent viscosity of pectin and modified pectin.

(c) Apparent Viscosity

Storing
time

(days)

Pectin from orange peel (4%) Pectin from pomegranate peel (4%)

Pectin Modified Pectin Pectin Modified Pectin

4 ◦C 25 ◦C 4 ◦C 25 ◦C 4 ◦C 25 ◦C 4 ◦C 25 ◦C

Share
rate

(S−1)
4 20 4 20 4 20 4 20 4 20 4 20 4 20 4 20

0 2309.45 924.33 2309.45 924.33 2739.24 990.42 2739.24 990.42 2049.41 820.25 2049.41 820.25 2430.80 878.90 2430.80 878.90

1 2314.50 943.84 1910.12 888.25 2746.81 1011.32 2740.21 1142.36 2053.89 837.56 1695.04 788.23 2437.52 897.45 2431.66 1013.73

3 2319.55 963.68 1623.35 666.74 2754.39 1023.56 2755.36 1148.68 2058.37 855.17 1440.56 591.67 2444.24 908.31 2445.11 1019.33

5 2324.60 983.51 1463.44 443.75 2761.96 1035.80 2770.51 1154.99 2062.85 872.77 1298.66 393.78 2450.96 919.17 2458.55 1024.94

7 2329.65 1003.35 1303.11 321.56 2769.53 1048.04 2785.66 1161.31 2067.33 890.37 1156.38 285.35 2457.68 930.03 2471.99 1030.54

10 2334.70 1023.19 1143.78 320.35 2777.10 1060.28 2800.81 1167.62 2071.81 907.98 1014.99 284.28 2464.40 940.89 2485.44 1036.15

15 2339.75 1043.03 983.91 319.16 2784.68 1072.52 2815.96 1173.94 2076.29 925.58 873.12 283.22 2471.12 951.75 2498.88 1041.75

Table 7 shows the viscosity values of pectin and its modified gel at 4 and 20 share
rates during 15 days of storage at 4 ◦C and room temperature (25 ◦C). Because it prevents
the water molecule from evaporating as a result of its network trapping water molecules,
the modified pectin did not affect the viscosity by increasing the storage times of the two
rates under investigation (4 and 20) even in both storage conditions (cold (4 ◦C) or room
temperature (25 ◦C)).

After 15 days of storage at room temperature (25 ◦C), prepared pectin and its modified
gels extracted from orange or pomegranate peels were evaluated for antibacterial activity
against Escherichia coli, Staphylococcus aureus, and Candida albicans using the counting
process. The percentage of antibacterial decrease in the presence of the produced pectin
gels is shown in Table 8.

Table 8. Effect of storage time on the bacteria reduction % of pectin and modified pectin.

(d) Bacteria Reduction %

Storing
time

(days)

Pectin from orange peel (4%) Pectin from pomegranate peel (4%)

Pectin Modified Pectin Pectin Modified Pectin

E. coli S. aureus C.
albicans E. coli S. aureus C.

albicans E. coli S. aureus C.
albicans E. coli S. aureus C.

albicans

0 88.32 87.62 85.62 92.84 92.11 90 94.06 93.31 91.18 91.43 90.71 88.64

5 85.62 84.94 83 90 89.29 87.25 91.18 90.46 88.4 88.64 87.94 85.93

10 83.74 83.08 81.18 88.03 87.33 85.34 89.18 88.47 86.45 86.69 86 84.04

15 81.31 80.67 78.82 85.47 84.8 82.86 86.59 85.91 83.95 84.18 83.51 81.6

The bacteria reduction % for produced pectin gels had the same antibacterial and
antifungal effects against both bacteria and fungi. With increasing storage duration, the
bacterium-reduction percent of produced gels was decreased in microbial resistance. These
data suggested that extending the storage duration affected the produced gels’ microbi-
ological resistance. Additional proof indicates that both modified pectin gels increase the
microbiological characteristics more than pectin gel alone after increasing the storage duration.

3.5. Characterization of Printed Fabrics

Because the goal of this study was to evaluate and find the best possible printed
material to achieve darker prints with better overall fastness properties using new eco-
friendly biological thickener extracted from fruit peels, extracted pectin and pectin modified
with hexamine ere used in the printing of different fabrics (namely, cotton, wool, acrylic,
and polyester) with appropriate dyes for each textile material.
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3.5.1. Color Strength and Fastness Properties

Color strength (K/S) and various fastness properties, such as light, washing, perspira-
tion, and rubbing fastness, were evaluated for all printed textiles (cotton, wool, acrylic, and
polyester fabrics) with appropriate dye for each fabric using alginate, DELL P, pectin, and
modified pectin as thickeners, and the results are listed in Table 9.

Table 9. Color strength (K/S) and fastness properties of different printed fabrics using a different
thickening agent.

Fabric Dye
Thickening
Agent (5%) K/S

Fastness Properties

Handling SharpnessWashing Rubbing
Perspiration

LightAcidic Alkaline

Alt. SC SW Dry wet Alt. SC SW Alt. SC SW

Cotton Reactive
dye

Alginate 8.61 4 3 3 3 2 3 3 3 3 3 3 5 S Sh

Pectin 8.83 4–5 3–4 3–4 4 3 3–4 4 4 4 4 4 7 S Sh

Modified
Pectin 9.75 4–5 4 4 4 4 4–5 4–5 4–5 4–5 4–5 4–5 7 S Sh

Wool Acid
dye

Alginate 4.19 4 3 3 3 3 3 3 3 3 3 3 7 S Sh

Pectin 8.77 4–5 3–4 3–4 4 3–4 4 4 4 4 4 4 7 S Sh

Modified
Pectin 9.35 4–5 4 4 4–5 4–5 4–5 4–5 4–5 4–5 4–5 4–5 7 S Sh

Acrylic
Disperse

Dye

Alginate 5.15 3–4 3–4 3–4 3–4 3–4 3–4 3–4 3–4 3–4 3–4 3–4 6–7 S Ns

DELL 6.87 4–5 4 4 4–5 4–5 4–5 4–5 4–5 4–5 4–5 4–5 7 S Sh

Pectin 7.69 4–5 3–4 3–4 4 3–4 4 4 4 4 4 4 7 S Sh

Modified
Pectin 8.35 4–5 4 4 4–5 4–5 4–5 4–5 4–5 4–5 4–5 4–5 7 S Sh

Polyester
Disperse

Dye

Alginate 4.11 4–5 4–5 4 4–5 4–5 4–5 4 4–5 4–5 4 4–5 5 S Ns

DELL 5.02 4–5 4 4 4–5 4–5 4–5 4–5 4–5 4–5 4–5 4–5 7 S Sh

Pectin 5.12 4–5 3–4 3–4 4 3–4 4 4 4 4 4 4 7 S Sh

Modified
Pectin 6.47 4–5 4 4 4–5 4–5 4–5 4–5 4–5 4–5 4–5 4–5 7 S Sh

The lightfastness of printed textiles containing each of the pectin’s gels as thickeners
were excellent (6), better than using alginate as a thickener (4). The washing fastness for all
printed fabrics was good (4–5). The perspiration fastness property showed 3–4 to 4–5 color
differences in both acidic and alkaline perspiration. The colorfastness to rubbing was tested
in both dry and wet procession, and it was discovered that dry rubbing had a similar
impact as wet rubbing.

Furthermore, for printed cotton and wool fabrics with reactive dye, both pectin thick-
eners have great color strength and fastness properties, as well as a sharp outline and soft
handling in comparison to the printed cotton fabric using alginate as thickeners. Further-
more, modified pectin imparts higher color strength and fastness properties than pectin
only. In addition, compared to printed fabrics using all examined thickeners, the printed
fabric using alginate as a thickening agent delivered a fair color value.

Furthermore, all thickeners based on aloe vera gel have great color strength and
fastness properties with sharp edges and gentle handling for printed polyester or acrylic
fabrics with dispersed dye. In addition, compared to printed fabrics using alginate as
a thickener, the printed polyester or acrylic fabrics using DELL P as a thickening agent
delivered excellent color value.

Pectin and its modified thickeners may be utilized for printing cotton, wool, acrylic,
and polyester textiles under varied pH values, depending on the printing condition of
each printed fabric, based on their overall performance. These results correspond to the
thickener performance. In addition, modified pectin shows better results compared with
pectin only.

3.5.2. Mechanical and Physical Properties

The mechanical and physical characteristics of printed textiles, such as tensile strength,
elongation at a break, bending length, crease recovery angle, and surface roughness, have
been examined, and the findings are displayed in Table 10.
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Table 10. Physical and mechanical properties of printed fabrics using a prepared thickening agent.

Fabric Dye
Thickening
Agent (5%)

Physical and Mechanical Properties

Tensile
Strength
(N/mm2)

Elongation
at a Break

(%)

Bending
Length (cm)

Crease
Recovery

Angle (Warp
+ Weft) (◦)

Surface
Roughness

Cotton Reactive dye

Alginate 12.2 6.4 3.8 210.8 17.6

Pectin 13.3 8.8 4.0 202.6 16.7

Modified
Pectin 13.6 8.9 4.1 201.6 16.8

Wool Acid dye

Alginate 20.9 9.7 4.1 206.7 18.3

Pectin 22.0 12.1 4.4 207.7 17.6

Modified
Pectin 22.3 12.2 4.5 206.7 17.6

Polyester Disperse Dye

Alginate 21.0 10.3 4.4 204.6 18.3

DELL 22.1 12.6 4.6 209.7 17.5

Pectin 22.4 12.7 4.7 208.7 17.5

Modified
Pectin 22.7 13.2 4.7 208.7 17.4

Acrylic Disperse Dye

Alginate 23.2 13.3 3.7 200.0 15.5

DELL 24.3 15.6 4.0 205.0 14.9

Pectin 24.6 15.7 4.0 203.0 14.9

Modified
Pectin 24.9 16.2 4.1 205.0 14.8

The use of pectin-based thickeners increased the tensile strength and elongation at a
break of the printing materials, as seen by the data Table 10. Rather than using pectin only
as a thickener in the printing paste, the modified pectin helps to create and alter the thin
film in the microstructure of the fabric, which fills gaps on the surface of the printed fabrics
and improves both tensile strength and elongation at a break [85].

The bending length presence of printed textiles with pectin-based thickener showed
superior values compared to the printed fabrics with alginate as a thickener, according to
the data Table 10. Furthermore, the use of modified pectin as a thickener in the printing of
all the textiles tested, with all the essential colors, had a better bending length value than
the use of alginate. This behavior might be attributed to the presence of amine groups in
the coating layer that forms as a result of the printing paste. The use of a novel thickener in
the printing of various textiles has helped in the stiffness of the printed fabrics, according
to these studies.

Further investigation into the angle of the crease recovery of printed textiles in both
the warp and weft directions revealed that all printed materials have comparable angles of
crease recovery. These findings show that the new thickeners did not affect the angle of the
crease recovery of printed textiles in a variety of printing paste formulas and pH levels.

3.5.3. Antimicrobial Activity of Printed Fabrics

Using three types of microbes, Gram-positive bacteria (Staphylococcus aureus), Gram-
negative bacteria (Escherichia coli), and fungus (Candida albicans), the antimicrobial
activities of printed fabrics using different thickening agents (alginate, DELL P, pectin, and
modified pectin) and suitable dyes have been quantitatively demonstrated.

Table 11 shows the antibacterial properties of printed materials. Printed textiles that
use pectin or modified thickeners have better antibacterial activity than printed fabrics that
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use alginate. Due to differences in the composition of the cell walls of both the examined
bacterium strains, printed textiles are more effective against Gram-positive bacteria than
against Gram-negative bacteria because they decrease ergosterol, a critical component of
the fungal cell membrane [86–88].

Table 11. Microbial reduction % of printed fabrics with different thickening agents before and after
10 washing cycles.

Fabric Dye Thickening
Agent

Microbial Reduction %

E. coli
(ATCC 25922)

S. aureus
(ATCC 29213)

C. albicans
(ATCC 10231)

Before
Washing After Washing Before

Washing After Washing Before
Washing After Washing

Cotton Reactive dye

Alginate 47.695 44.18 59.115 48.74 38.47 35.525

Pectin 54.75 41.38 66.79 56.965 48.965 46.3525

Modified
Pectin 78.84 74.15 84.855 79.945 75.945 74.6375

Wool Acid dye

Alginate 64.605 59.06 72.165 64.715 55.59 53.085

Pectin 78.23 74.1 81.515 75.72 70.97 69.44

Modified
Pectin 93.445 90.07 96.235 94.465 92.965 92.5175

Acrylic Disperse Dye

Alginate 58.67 53.44 66.91 58.84 49.64 47.07

DELL 67.31 63.87 75.585 68.83 63.33 61.535

Pectin 79.86 72.35 84.375 80.69 77.69 76.71

Modified
Pectin 81.17 75.32 88.125 83.27 79.315 78.2525

Polyester Disperse Dye

Alginate 59.115 53.53 66.695 59.15 50.305 47.8425

DELL 67.815 61.96 75.34 69.2 64.2 62.565

Pectin 80.875 72.53 83.885 81.43 79.43 78.775

Modified
Pectin 81.755 74.31 86.39 83.15 80.515 79.8075

This test cultivates the uniform microbe in liquid culturing. The culture is diluted in a nutrient solution that has
been sterilized. In sealed containers, the thickening agent is infected with microorganisms for 24 h at 37 ◦C. Shake
for 1 min after incubation to measure bacteria levels. Eventually, the quantity of microbes compared to the starting
concentration was as follows as a reduction percentage of bacteria (R%).

The antibacterial behavior of all printed textiles using modified pectin as a thickener was
found to be superior to that of printed fabrics using alginate, DELL, or pectin only as a thickener.

After washing, the percentage of antibacterial reduction dropped. The percentage reduction
decreased depending on the thickeners. Even after 10 washing cycles, the printed materials had
good antibacterial capability against the tested microorganisms due to their longevity.

4. Conclusions

Pectin is a naturally occurring biopolymer that may be employed as a thickening agent
in textiles because of its chemistry and ability to produce gels. Pectin may be extracted in
an easy and safe method for the environment.

Pectin from orange and pomegranate peels was extracted by cutting, removing the
white portion connected to the outer peel of plants, drying them, then pouring 30 g/L and
2.6 mL/L of HCL to set the pH at 2, boiling for an hour, filtering, precipitating with alcohol,
filtering, and drying.

The contents of fats, protein, ash, carbohydrates, and sugars; the equivalent weight of
dried pectin and methoxyl groups; acetyl value; moisture; organic acids; ability to dissolve in
cold/hot water; ability to dissolve in cold/hot alkali; and the degree of esterification were
measured. The effect of shear rate on shear stress to evaluate the viscosity was also measured.

The pectin was modified with hexamine and characterized by the IR spectrum. The
IR spectrum of the hexamine compound showed absorption bands at 650, 795, 990, 1225,
1370, 1445, 1674, 2866, and 2912 cm−1, which are similar to those reported according to the
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literature. The rheological properties of pectin extracted from orange peel and modified have
the properties of pseudo-plastic pastes, while the pectin extracted from pomegranate peel has
the properties of a non-Newtonian thixotropic paste. Thickeners bear a pH of up to 6 in the
acidic direction and decompose at pH 7.5 in the alkaline direction. The pectin was modified by
adding hexamine to change the pH degrees in the basic direction; the rheological properties
of thickeners did not change during a storage period of up to 15 days.

Pectin and its modification were used for printing, and they were compared to other
thickeners such as alginates for natural textiles and Dell P as manufactured thickeners for
industrial fabrics with various dyes. After the printing process, they were dried and then
fixed. The printed fabrics were characterized using color strength (K/S), fastness properties
(washing, dry and wet rubbing, acid and alkaline perspiration, light), mechanical properties
(surface roughness, tensile strength, elongation at the break, crease recovery angle), and
anti-bacterial protection (Gram-positive, Gram-negative, fungi).

The results showed an increase in the color intensity for all materials printed with
pectin and modified compared to the standard sample printed with sodium alginate and
Dell p and increasing in K/S for printed cotton fabrics (3%), (13%) for wool (109%), (123%)
for polyester (49%), (64%), (12%), (22%) and for polyacrylic (25%), (57%), (2%), (29%)
sequentially. The improvement in fastness properties (washing, dry and wet rubbing,
acidic and alkaline perspiration, light) was from satisfactory to good to excellent. There
was also improvement in fabric roughness, tensile strength, elongation at the break, and
crease recovery. Printed fabrics with pectin and modified pectin gave high resistance to
Gram-negative and Gram-positive bacteria, as well as fungi.

Through the printing process, natural thickeners (extracted pectin from fruit peels) and
modified pectin were added to various textiles (cotton, wool, acrylic, and polyester). All the
printed samples with pectin and its modified synthetic dyes (reactive, acid, and disperse)
exhibited good fastness towards washing and wet and dry rubbing. The light fastness of
printed textiles was excellent (7), better than when using alginate as a thickener (5). All
printed textiles had good washing fastness (4–5). In both acidic and alkaline perspiration,
the perspiration fastness characteristic revealed 3–4 to 4–5 color differences. Colorfastness
to rubbing was tested in both dry and wet conditions, and it was revealed that dry rubbing
had the same effect as wet rubbing. Printed textiles using pectin or modified pectin as
thickeners exhibit antibacterial activity.
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Abstract: The textile and apparel (fashion) industry has been influenced by developments in societal
socio-cultural and economic structures. Due to a change in people’s preferences from economic
functionality to supra-functionality beyond economic value, the fashion industry is at the forefront
of digitalization. The growing digitalization in the fashion industry corresponds to digital fashion,
which can satisfy the rapid shift in consumers’ preferences. This paper explores the evolving con-cept
of innovations in digital fashion in the textile and apparel industry. Specifically, it centers on the
evaluation of Amazon’s digital fashion initiatives, which have made the platform the United States’
top fashion retailer. An analysis of the business model of Amazon’s digital fashion business showed
that with the advancements in artificial intelligence (AI) powered by advanced Amazon Web Services
(AWS), Amazon has introduced novel digital solutions for the fashion industry, such as advanced
digital fashions (ADFs), on-demand manufacturing, neo-luxury, and, ultimately, cloud-based digital
fashion platforms, that is, a supra-omnichannel, where all stakeholders are integrated, and their
activities are visible in real time. This can be attributed to the learning orchestration externality
strategy. This study concludes that with the advancement of digital innovations, Amazon has fused
a self-propagating function that advances digital solutions. This study shows that Amazon is the
largest R&D company. Its R&D process is based on users’ knowledge gained by their participation
through AWS-driven ICT tools. This promotes a culture of experimentation in the development
of user-driven innovations. Such innovations have further advanced the functionality of AWS in
data analysis and business solutions. This dynamism promotes the development of soft innovation
resources and revenue streams. These endeavors are demonstrated in a model, and their reliability
is validated through an empirical analysis focused on the emergence of ADF solutions. Therefore,
based on an analysis of the development trajectories of Amazon’s digital fashion technologies, such
as ADFs, on-demand manufacturing, and neo-luxury, insightful suggestions and a framework for
solutions beyond e-commerce are provided.

Keywords: Amazon; textile and apparel; fashion; advanced digital fashions; supra-omnichannel;
non-contact society; beyond e-commerce

1. Introduction

The textile and apparel (fashion) industry has social, cultural, and economic signifi-
cance in many societies. Nevertheless, the word fashion has different meanings ranging
from the way of doing things to textiles and apparel. Among others, Hansen’s [1] study
found that fashion implies discourses representing the developments in arts, social struc-
ture, and culture. In Western society, it is highly associated with “style”, “dress”, or
“clothes” [2,3]. As these features make fashion a meaningful phenomenon, in this study,
the fashion industry corresponds to fashion-driven textiles and apparel as well as other
fashion-related products. It includes a wide range of business networks ranging from raw
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materials production, design, manufacturing, and retail [4,5]. These advancements improve
fashion, and apparel accelerates this development [6].

In response to shifting people’s preferences towards suprafunctionality beyond eco-
nomic value [7–10], and a prevalence of a non-contact society, the digital economy has
accelerated the development of digital solutions that transform the traditional fashion
industry [11–13].

In the digital economy, the traditional fashion industry is at the center of global dynamic
change [11,12] driving its volatility, velocity, variety, complexity, and dynamism [14,15] which
necessitate digital solutions.

The United States is one of the leaders in new technological innovations in the global
fashion industry. For example, among technology giants (GAFAM), Amazon is a leader
in digital services provision. Its heavy R&D investments enabled it to develop a novel
R&D-based disruptive business model that converts its investments and R&D activities into
a new concept of R&D that serves as a locomotive for innovations in Amazon’s businesses
ranging from Amazon’s brick-and-mortar to e-commerce-based businesses [4,16,17].

Previous studies have examined the identical features of fashion such as cultural
aspects, supply chain management, designing, manufacturing, marketing, and technolog-
ical developments in the fashion industry towards sustainability (e.g., [18–24]), and also
Amazon’s R&D system from the viewpoints of technology operation strategy as well as
financial management system (e.g., [25–27]), no one has analyzed their co-evolutionary
progression leading to further development of solutions provided by the digitalization of
the fashion industry and Amazon’s R&D-driven, customer-centric virtuous cycle toward
stakeholder capitalization. Nevertheless, consideration of practical beyond e-commerce
solutions, supporting tools such as high-performance computing, and its impact on the
global fashion industry has also not been actively pursued. Finally, the lack of concep-
tualization on practical solutions that encounter fashion-driven luxury brands’ internet
dilemma that hinders the development of the fashion industry in the digital era, which is
critical to transforming the global fashion industry to survive and compete in a non-contact
society.

At the same time, the significance of stakeholder capitalism is gaining momentum
in a newly emerged non-contact society [28]. It enables companies to protect and satisfy
stakeholders’ concerns by engaging them to create a shared and sustained value. This can
be achieved by corresponding to their changing preferences. Thus, while analyzing the
co-evolutionary paths of Amazon’s business model and the fashion industry, an approach
toward stakeholders’ capitalization is attempted.

Amazon develops its business empire by undertaking frontier innovation and com-
panywide experimentation based on heavy investments in “technology and content” that
generates a big data collection system enabling it to harness the power of users which func-
tions as a virtuous cycle leading to the transformation of “routine or periodic alterations”
into “significant improvement” during the R&D process [27]. For example, recently, a few
studies have suggested that Amazon’s strength lies in artificial intelligence, whereas Ama-
zon web services (AWS) are a locomotive for AI-driven innovations reflecting sociocultural,
economic, and technological changes in society [29–31].

The new socio-economic conditions, such as the emergence of a noncontact society
during COVID-19, urged the digital transformation of the fashion industry [32]. Digital
transformation indicates company-wide changes that result in the emergence of new busi-
ness models [33]. The digital transformation of the fashion industry refers to “the reception
of the digital environment by the industry” [34], whereas digital fashion represents an
overlying area between fashion and ICT tools [35].

In this study, advanced digital fashions (ADFs) are referred to as fast fashion products
which are developed by studying the effects of prior digital innovations and are powered
by Amazon’s recommendation engines. Their enabling tools and preceding innovations
are illustrated in Table 1. They represent Amazon’s fashion catalog, influencer styles,
Amazon’s labels, and third-party fashion lines, whereas supra-omnichannel is a cloud-
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based fashion platform that emerged by the co-evolution of ADFs, ODM, and neo-luxury,
all stakeholders are combined in a cloud-based fashion platform so that their activities are
visible in real-time.

Table 1. Functions and enabling core technologies for ADFs development.

ADFs Functionality Preceding Innovations Core Technology

Prime Wardrobe (2017)

Try at home before purchase
service, customers can receive
up to 15 items at home and
pay only for the selected outfit.
Sizing and returns are the
biggest online shopping
barriers; this feature has
removed such barriers.

Endless.com, my habit.com,
Body Labs, 3D body modeling
AI (ML), IoT, VR/AR, and
mobile devices.

AI-based matching
recommendations, Amazon
fashion catalog, recommender
system

AI Algo. fashion designer
(2017)

The algorithm learns about a
particular style of fashion
from the web, and social
media (images, videos), and
generates new items in similar
styles.

Body labs based on ADFs
technologies

ML and DL-based Generative
Adversarial Networks (GAN)

EchoLook (2017)

Smart speaker, voice assistant,
and hands-free camera. It was
introduced to train Alexa in
becoming a fashion advisor.

Echo Look (2017) has emerged
from the classic Echo (2014)
device and is similar to Echo
Dot (2016). Its features are
based on previous, Outfit
Compare (share photos), and
Style Check (second opinion)

Based on AI, Echo Look (2017)
incorporates CV, NLP, and
ML.

AR Mirror (2018)

A mirror-based display
system that enables users to
interact with virtual objects.
The blended AR systems
combine images reflected by a
mirror with the images that
are transmitted from the
screen behind the mirror.

Further development of Echo
Look. BodyLabs software, and
Lab 123 hardware.

Two-way mirror with
electronic display,
depth-sensing camera,
projectors, CV algorithms,
blended reality

Personal Shopper (2019)

Customized clothing box.
Incorporates curation
function, consumers co-create
with Amazon’s designers.
This curation function satisfies
customers’ personalized
requirements.

Further evolution of Prime
Wardrobe, sophisticated
curation ability accumulated
through the series of ADFs
development.

With the addition of the
Personal Shopper (2019) to
Prime Wardrobe (2017), the
company uses ML and
personalized recommendation
algorithms along with
personal human stylists.

Style Snap
(2019)

Fashion recommendations are
based on user-submitted
photos in real-time. Connects
high-profile social media
fashion influencers to Amazon
fashion and customers.

Amazon Associates, Amazon
influencers.

CV and DL identify apparel in
a photo. DL classifies the
apparel items in the image.

The Drop
(2019)

Social media fashion
influencers and Amazon
fashion designers co-create
limited edition apparel
available only for 30 h.

Amazon influencers program,
Influencers drove the fashion
line.

SM, BDA

Sources: Authors’ elaboration based on [36–41].
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Applying techno-economic analysis and in-depth literature reviews, an empirical
co-evolutional analysis was conducted on Amazon’s recent AI-oriented R&D-driven devel-
opments in fashion, i.e., the introduction of advanced digital fashions (ADFs) leading to the
development of supra-omnichannel, and the contribution of digitalization towards sustain-
able fashion. Thus, this paper investigates the development status of the textile and apparel
industry in the digital transformation era, starting from an analysis of Amazon’s fashion
business and presents the technical frameworks in developing e-commerce-based ADFs,
on-demand manufacturing (ODM), neo-luxury, and construction of the supra-omnichannel.
It also discusses the future development of Amazon beyond e-commerce endeavors leading
to a metaverse society [32,42].

Section 2 introduces fashion as a representation of social life and the historic develop-
ment of the fashion industry, and Section 3 introduces the contributing factors for growth
in Amazon’s fashion business such as Amazon web services, artificial intelligence, and
the emergence of soft innovation resources. Section 4 introduces the Amazon’s learning
orchestration externality in developing digital fashion business that covers the concept
of learning orchestration externality in the development of ADFs, ODM, and with their
dual co-evolution emergence of the supra-omnichannel. Section 5 introduces a framework
encompassing learning orchestration externality beyond e-commerce, and the conclusion
part summarizes the development of this paper and, finally, provides direction for future
research.

2. Fashion as a Representation of Social Life
2.1. Global Fashion Industry

The contemporary fashion industry is based on social and cultural phenomena referred
to as the “fashion system”. The fashion system is a highly influential force that encompasses
art, design, manufacturing, branding, and retail. For example, art and design contribute to
the formation of fashion trends in society [43,44] as illustrated in Figure 1.
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In recent years, the fashion industry has seen a paradigm shift from traditional retailer-
driven manufacturing to modern (fast fashion) consumer-driven manufacturing [45]. This
industry is well-known for its unpredictable demand–supply relationships, long produc-
tion lead times, short fashion cycles, choice of raw materials, seasonal demands, and
heterogeneity [46,47].

The contemporary fashion value chain has transformed from forecast-based bulk
production to season-based assortments. Apparel retailers can receive and deliver orders
with shorter lead times. Today, industrial trends such as fast fashion and fashion mass
customization are all supported by quick response and delivery speed [48].

Given the economic benefits for developed and developing economies, several con-
straints, such as shorter life cycles, tariff barriers, speed to market, and seasonality, have
obstructed the balanced development of the industry. However, in addition to recent
policies for removing trade impediments, the fashion industry is advancing toward dig-
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ital solutions, for instance, real-time supply chain visibility, supply chain optimization,
on-demand cloud manufacturing, stock-level optimization, and adjustment with demand
planning. The most common type of digital platform is a digital marketplace, and the
hyper-personalized solutions provided by e-commerce solutions eliminate geographic con-
straints among the stakeholders in the value chain. Thus, digital solutions can transform
the contemporary value chain of the fashion industry into a disruptive platform [4].

2.2. Historical Development of the Fashion Industry

The fashion industry is a highly globalized industry, and its value chain is spread
over different countries. For example, a fashion brand in the United States might source
raw materials in China, have the apparel produced in Vietnam, and ship it to warehouses
in Europe and the U.S. for distribution to retail outlets globally. This is mainly due to
the quota system, rising materials and labor costs, as well as environmental regulations.
However, the fashion industry is transitioning from mass production in standard-size
systems to consumer-driven personalized manufacturing. This fragmented value chain and
employment shift is not only responsible for a significant share of world economic output but
has also gained momentum worldwide [9,49] in response to the shift in consumers’ preferences
from economic functionality to supra-functionality beyond economic value, encompassing
social, cultural, emotional, and aspirational value, as illustrated in Figures 2 and 3.
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For example, in aging societies, consumers tend to buy products that correspond to
both their functional and supra-functional (emotional, social, and cultural) requirements.
Consumers are more demanding and prefer products that are best suited to their lifestyles.
A psychological barrier develops when a product or service is unable to satisfy an individual
user. This barrier hinders customers from developing relationships with those products
and services; as a result, products are abandoned [7,51].
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3. Contributing Factors for Growth in Amazon’s Fashion Business
3.1. Growth of the Fashion Industry

The recent COVID-19 pandemic exerted a shock on the global economy. However,
despite this crisis, the fashion industry has been an engine of economic growth. Historically,
the fashion industry, including textiles and apparel, has been a method for industrializing.
For example, the market size of the global fashion industry improved substantially from
USD 1.05 trillion in 2011 to USD 1.25 trillion in 2015, USD 1.40 trillion in 2017, and USD
1.65 trillion in 2020 (40% is shared by the EU and the US) [52]. It developed more rapidly
than the global economy: in contrast to the average growth rate of 2.70% in the global gross
domestic product (GDP) from 2011 to 2015, the global apparel market increased by 4.70%
in the same period. The fast fashion industry established a larger increase (10.0%) during
this period, as shown in Figure 4. The GDP elasticity to fashion εFG (1% increase in GDP
increases εFG % increase in fashion) is more than double the GDP elasticity of textile and
apparel, as shown in the right of Figure 4.
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3.2. Fashion Industry in the Digital Economy

Fashion represents people’s lifestyles. It is a means of communication among people
with common preferences, trends, and traditions that collectively form and represent
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the taste and lifestyle of that society. Such fashionability, including tastes, preferences,
and lifestyles, is converted into art and fashion concepts and then translated into fashion
products [55].

In the fashion industry, traditional approaches to the production and selling of fashion
products are being challenged [56]. The key problems are longer production lead times,
fragmented supply chains, time to market, and increased fashion seasons encompassing
volume, variety, and velocity [43]. With these features, supply systems in the fashion
industry that are fast-moving and trend-driven are categorized by shorter lead times in
terms of responsiveness, production, and high fashionability [57]. This indicates that
flexibility is critical in fast fashion to ensure the rapid delivery of trendy products. As fast
fashion is unpredictable, the implementation of a lean manufacturing system including
just-in-time, agile supply chains, and quick responses is expected to reduce the processes
involved in the buying cycle and lead times for getting new fashion products into stores [14].

The advancement of the digital economy has accelerated the demands described above.
At the same time, it provides the fashion industry with a new solution, a digital solution.
As suggested by Sun and Zhao [58], advancements in digital technology, from AI, robotics,
and agile and on-demand manufacturing to the virtual dressing room, e-commerce, and
social media, are becoming key growth drivers in the fashion industry. In addition, these
advancements have emerged in new environments, shifting to a sharing economy and a
circular economy, which is driving the fashion industry to change to a disruptive business
model.

Advancements in ICT have accelerated digital innovations in the fashion industry. For
instance, cyber-physical systems, the Internet of Things, personalization, customization,
AI, and high-performance computing are accelerating digital innovations. Fashion brands
use these innovations to improve customer experiences. For example, AI is used to offer
personalized recommendations and curation. Augmented reality and virtual reality are
used before buying in a simulated environment [59]. Therefore, confronting the demands
of fast fashion and incorporating technological breakthroughs, particularly digital solu-
tions utilizing the dramatic advancement of digital innovation, is expected. Noteworthy
endeavors at the forefront of the fashion industry are described in Table 2.

Table 2. Digital innovations supporting the fashion industry toward advanced digital fashions.

Artificial intelligence (AI) Fashion design, real-time, recommendation, forecasting, and trend analysis

Machine learning (ML) Product development, demand forecasting, complex data analysis

Virtual reality/Augmented reality (VR/AR) Creates virtual world, 3D body scanning, customer experience monitoring,
virtual stores, and metaverse society

Big data analysis (BDA) Enables real-time personalization based on purchase history and preferences

Social media Explores influencers to enhance curation function.

On-demand manufacturing Satisfies every individual customer’s needs, automation

AWS Locomotive for innovations by providing cloud computing platforms.

IoT Enable wearables, optimize product assortment and customize
recommendations.

3.3. Customer-Centric R&D-Driven Advancement in the Digital Economy

According to Jeff Bezos, “Our success at Amazon is a function of how many ex-
periments we do per year, per month, per week, per day” [60]. In the digital economy,
companies have easy access to customer data generated with every digital interaction. Such
big data are extremely useful in driving insights that are used for experimentation.

Amazon’s business model is based on customer-centric R&D-driven developments.
Company-wide experimentation and R&D have been key to Amazon growing its empire.
This is achieved by continuous interaction with users based on an architecture of participa-
tion, and an advanced assimilation capacity based on rapidly increasing R&D investment.
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For instance, Amazon’s R&D investments increased from USD 16 billion in 2016 to USD
56 billion in 2021 [61]. The significant increase in Amazon’s R&D investment in the digital
economy suggests the possibility of a structural change in the concept of R&D, similar to
its output. Amazon’s concept of R&D refers to technology and content. This indicates
thoughtful insights into the R&D model in the digital economy [16,62,63]. The substantial
increase in R&D enabled Amazon to become the world’s top R&D firm in 2017, with a
skyrocketing increase in its market capitalization, making it nearly the world’s biggest
company, as shown in Figures 5 and 6.
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Amazon also absorbs soft innovation resources (SIRs) from external sources and
incorporates them into its business model, which converts “routine or periodic alterations”
of business activities into “significant improvement” [32,67]. Thus, user-driven innovation
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accelerates the co-emergence of SIRs enabled by the advancement of the internet and
communication technologies in the digital economy.

SIRs trigger a self-propagating function to satisfy changing customers’ preferences
beyond economic value. Amazon succeeded due to its customer obsession approach,
talented employees, AI/AWS-powered products and services, and timely decision-making,
as shown in Figure 7.
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Amazon’s endeavor to develop SIRs is shown in Figure 7. The SIRs comprise Ama-
zon’s initiation of user-driven innovation, such as (i) a shift in preferences toward supra-
functionality (e.g., AWS in 2002), (ii) sleeping resources (e.g., Amazon Flex in 2015 and
Prime Air in 2016), (iii) drawing on previous information and fostering trust (e.g., Amazon
Prime in 2005), (iv) providing the most gratification ever experienced (e.g., Amazon Go in
2016 and Amazon One in 2020), (v) memory and future dreams (e.g., Amazon Kindle in
2007 and Prime Video in 2016), and (vi) untapped resources and vision (e.g., Amazon Echo
in 2014 and ODM in 2017).

These SIRs are in line with customers’ changing preferences, and Amazon’s R&D
investments in the development of the digital fashion business are associated with the
integration of these resources. Fashion with artistic and functional features accelerates
developments in SIRs, ranging from supra-functionality to untapped resources and vision.
These SIRs, comprising aesthetic features, lead to advances in the fashion industry.

Thus, Amazon endeavors to create co-evolution between the development of SIRs and
fashion advancement. Amazon has been developing a digital fashion business powered
by AWS that acts as a locomotive for innovation and a carrier of digital solutions, which
is a highly profitable category for the company [52]. Innovations in Amazon’s digital
fashion business create synergies with each other in an ecosystem rather than behaving
individually. Inspired by the digital innovations illustrated in Figure 8, Amazon emerged
as the second-largest retailer of apparel in the US, with a 7.9% share (after Walmart, 8.6%)
in 2017, from a 3.7% share in 2016 [32]. Thus, Amazon has been expanding its highly
profitable fashion-driven apparel business.

Fashion, including apparel and footwear, became Amazon’s best-selling segment
in 2018–2019, from fourth in 2017–2018, surpassing books, beauty, and electronics, and
Amazon silently became the leading apparel retailer in the U.S. in 2019 [68]. In line with
this growth and significant improvements in private-label fashion, Amazon attempted
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to move from selling basic apparel as traditional value to more fashionable higher-value
categories.
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This was not Amazon’s first attempt to break into the luxury fashion market. The
company tried similar moves in 2007 with endless.com and in 2012, when endless.com was
renamed Amazon Fashion [69]. The increasing share of apparel sales in all of Amazon’s
online sales, as well as in the U.S. market, is shown in Figure 9. Among other business
lines in 2018–2019, Amazon fashion was the most profitable business, with a 9.5% share
in 2019. Amazon emerged as a leader in fashion sales in 2019. Since then, the company
has maintained its leadership, with a 56.7% share of the U.S. market and a 14.6% share in
online sales during 2021–2022.
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4. Amazon’s Learning Orchestration Externality in Developing Digital Fashion
Business
4.1. Lessons from the Past Experiences

Since 2002, Amazon has made several abortive attempts to capture the high-end
fashion market. Its mission to capture this market has faced several historical hindrances,
as customers have not trusted buying apparel online out of a desire to try on the items first,
and Amazon was not perceived as a “cool” brand.

Amazon debuted endless.com in 2007 followed by myhabit.com in 2011, when the
e-tail model was in its early stages. Both were discontinued. Part of the problem was the
e-commerce brand’s image in the luxury fashion industry. Moreover, luxury brands have
been reluctant to adopt digitalization and an e-commerce presence. The prevalence of the
“internet dilemma” in which luxury brands have been reluctant to adopt advanced digital
solutions and e-commerce impeded Amazon from attracting them [4,77]. These challenges
turned into learning experiences that accelerated Amazon’s endeavor to develop its fashion
empire with its own labels, powered by in-house AWS technology [78,79].

4.2. Creation of Advanced Digital Fashions (ADFs)

Developments in ICT are changing the buying habits of young luxury fashion con-
sumers [4,80]. To capture this segment of the digital economy, Amazon undertook the
following initiatives:

1. Entered the virtual assistant (Alexa) business with the introduction of Amazon Echo
(2014). It trained Alexa to be a fashion advisor.

2. Activated its AWS team followed by Body Labs in the development of AI-led advanced
digital fashions solutions (2017–2020).

3. The acquisition of brick-and-mortar Whole Foods (2017) led to the introduction of
Amazon Go (2018) technology in Whole Foods stores. This is a unique venture because
Amazon’s other products and services are online and AWS-based.

4. Activated Prime Video in the acquisition of the rights to the Lord of the Rings series
(2017).

These AI–AWS ventures do not act as stand-alone businesses; they create synergies
for innovations. For example, they enabled Amazon to advance its fashion business and
laid the foundations for e-commerce-based advanced digital fashions (2017–2020) and
the brick-and-mortar fashion store Amazon Style (2022). This was an attempt to capture
young affluent consumers, as acquiring a hot digitally native vertical brand is essential for
shedding the company’s “uncool” image [4].
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By developing core AI-, IoT-, virtual- and augmented-reality-based digital tools, and
mobile devices as reviewed in Section 3.2 and Table 2, Amazon has presented numerous
innovations intended to advance its fashion-driven apparel business by using its big data
collection system, user-driven innovation, and advanced logistics system, as illustrated in
Table 1.

One of the earliest digital solutions in the ADFs series was Prime Wardrobe (2017),
a subscription clothing box service that allows customers to try at home before buying.
It was followed by Personal Shopper by Prime Wardrobe (2019). The Personal Shopper
service is based on a co-creation and curation function in which customers and Amazon’s
designers create fashion items. It debuted on the Alexa-powered device Echo Look (2018),
which contains a “hands-free camera and style assistant.” The addition of a camera on
the Echo device enables it to record and comment on its owner’s clothing choices using
a combination of machine learning and human stylist feedback. Echo Look provides
recommendations that drive revenue to Amazon fashion. Specifically, Amazon created
an AI algorithm for its private-label brands to design clothes (2018) by analyzing images,
copying them as new items, and patenting AR Mirror (2019) that shows customers wearing
virtual clothes in virtual locations. In addition, Amazon launched The Drop (2019), which
sells limited-edition items designed by influencers. The detailed development paths of
these ADFs are shown in Figure 10.

Textiles 2022, 2, FOR PEER REVIEW 12 
 

 

sells limited-edition items designed by influencers. The detailed development paths of 
these ADFs are shown in Figure 10. 

The Drop (2019) service is based on internal and external SIRs that combine broad 
designer and fashion influencer channels, including entertainment, social media, blogs, 
videos, webinars, and fashion shows. Moreover, the SIRs-driven The Drop (2019) is a plat-
form for limited-edition designer collections. In this innovative service, broad stakehold-
ers, such as external brands and designers, present their collections for an extremely short 
period. However, the incorporation of the curation function and ODM broadened the 
scope of stakeholders’ participation more than that of stakeholders in the traditional fash-
ion industry, as shown in Figure 10. 

 
Figure 10. Relative importance of stakeholders in the Amazon fashion business. Source; Authors. 

These broad external stakeholders provide Amazon with unstructured data in the 
form of documents, posts, audio/video, and reviews. Amazon’s R&D hub has developed 
an AI-based algorithm that uses generative adversarial networks to extract meaningful 
content from the data. It can create a new design by analyzing trendy images on the web. 
This whole process can be defined as learning effects. 

4.3. Learning Orchestration towards Advanced Digital Fashions (ADFs) 
A firm’s innovation culture is based on its higher capacity to assimilate internal and 

external knowledge [8]. The capacity to integrate knowledge is a function of the richness 
of the pre-existing knowledge structure. This indicates that learning is cumulative, and 
that learning performance is highest when the substance of learning is relevant to what is 
already known. Moreover, preceding knowledge allows for the integration and explora-
tion of new knowledge [8]. 

Amazon follows a learning orchestration externality strategy and effectively utilizes 
the learning effects of similar challenges in three pillars (learning by orchestration), as 
illustrated in Figure 10: 
(i) Customer-centric R&D-driven advancement. 

Amazon emerged as a customer-centric company where R&D is the core of its busi-
ness model. 
(ii) Frontier innovation and companywide experimentation. 

Amazon’s founder Jeff Bezos has always stressed company-wide experimentation. It 
has become Amazon’s culture of innovation. It enabled the growth of Amazon’s empire 
and subsequent big data collection system. 
(iii) User-driven innovation. 

Figure 10. Relative importance of stakeholders in the Amazon fashion business. Source; Authors.

The Drop (2019) service is based on internal and external SIRs that combine broad
designer and fashion influencer channels, including entertainment, social media, blogs,
videos, webinars, and fashion shows. Moreover, the SIRs-driven The Drop (2019) is a
platform for limited-edition designer collections. In this innovative service, broad stake-
holders, such as external brands and designers, present their collections for an extremely
short period. However, the incorporation of the curation function and ODM broadened
the scope of stakeholders’ participation more than that of stakeholders in the traditional
fashion industry, as shown in Figure 10.

These broad external stakeholders provide Amazon with unstructured data in the
form of documents, posts, audio/video, and reviews. Amazon’s R&D hub has developed
an AI-based algorithm that uses generative adversarial networks to extract meaningful
content from the data. It can create a new design by analyzing trendy images on the web.
This whole process can be defined as learning effects.

135



Textiles 2022, 2 645

4.3. Learning Orchestration towards Advanced Digital Fashions (ADFs)

A firm’s innovation culture is based on its higher capacity to assimilate internal and
external knowledge [8]. The capacity to integrate knowledge is a function of the richness
of the pre-existing knowledge structure. This indicates that learning is cumulative, and
that learning performance is highest when the substance of learning is relevant to what is
already known. Moreover, preceding knowledge allows for the integration and exploration
of new knowledge [8].

Amazon follows a learning orchestration externality strategy and effectively utilizes
the learning effects of similar challenges in three pillars (learning by orchestration), as
illustrated in Figure 10:

(i) Customer-centric R&D-driven advancement.

Amazon emerged as a customer-centric company where R&D is the core of its business
model.

(ii) Frontier innovation and companywide experimentation.

Amazon’s founder Jeff Bezos has always stressed company-wide experimentation. It
has become Amazon’s culture of innovation. It enabled the growth of Amazon’s empire
and subsequent big data collection system.

(iii) User-driven innovation.

Amazon demonstrates communication with users for user-driven innovation based
on the architecture of participation and a high level of assimilation capacity based on a
significant increase in R&D spending [81]. Amazon’s development of ADFs is a typical
case, as illustrated in Figure 11.
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A detailed version of this process flow can be found in the authors’ previous study [10].
This process flow indicates that Amazon initiated a series of ADFs successively by de-
ploying an orchestration strategy for innovations by learning effectively from previous
innovations.
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According to [10], the Prime Wardrobe service was created with the mission of chang-
ing Amazon’s brand image from a basic apparel retailer to a cool fashion brand. This
service constructed the foundation of the business model to understand customers’ needs
and product and style preferences, as well as the measurement of personal data.

Prime Wardrobe was upgraded to Personal Shopper by Prime Wardrobe in 2019. It
incorporates a curation function that lets customers co-create with Amazon’s designers. At
the same time, Amazon developed the AI algo. fashion designer that creates fashion styles
without human involvement. This algorithm enhances video and imagery-based fashion
services, such as AI-powered Echo Look and its derivatives. Amazon also introduced an
ML-based Style Snap service to find similar styles from customers’ provided photos. Echo
Look’s voice-enabled selfies and short videos trained Alexa to become a fashion advisor.
Given the potential cost-efficiency benefits in the fashion supply chain, its functionality was
transferred to mobile apps. The device was discontinued due to privacy, trust, and ethical
issues. If a customer is not satisfied with the algorithmic recommendations provided by
Echo Look, it then suggests ordering specific styles from Amazon’s fashion catalog. This
suggests that Amazon’s ODM will soon be able to produce hyper-customized outfits. More-
over, instead of uploading photos to Style Snap and then waiting for recommendations,
customers can use Amazon’s patented AR Mirror, which provides real-time recommen-
dations. The Style Snap service provides Amazon with customers’ behavioral data and
encourages collaboration with fashion influencers; ultimately, the scope of external stake-
holders is broadened. This has led to the development of The Drop service. It provides
limited-edition styles curated by celebrity fashion influencers on social media. Notable
fashion influencers present trend-led limited collections for 30 hours. Items recommended
by The Drop are from either Amazon’s fashion catalog or designers’ creations

5. Creation of Supra-Omnichannel during COVID-19

Amazon has transformed the traditional fashion value chain, as illustrated in Figure 1,
into a supra-omnichannel. Due to the COVID-19 pandemic, there has been a major drop
in textile and apparel sales, and Amazon has been undergoing a digital solution-oriented
transformation [82].

During this crisis, Amazon accelerated its strategic actions in developing more ad-
vanced digital solutions to support the declining fashion business. Amazon has been
growing its fashion empire by introducing a series of ADFs comprising physical and digital
commodities. This service increased Amazon’s omnichannel dependence based on seam-
less switching by utilizing its innovative assets. Capturing an e-commerce-based luxury
fashion market has always been Amazon’s long-awaited vision. To solve this challenge,
the company has endeavored to shed its uncool brand image and advanced the AI-driven
curation function by introducing an e-commerce-based series of ADFs. Other services,
Style Snap and The Drop, enabled Amazon to collaborate with external resources such as
global influencers to co-design trendy fashion manufactured in line with demand.

In 2020, Amazon introduced Luxury Stores, a unique digital platform for luxury
and high-end fashion. This was in response to the decline in the luxury business during
the COVID-19 pandemic and the increasingly non-contact society, which necessitated the
addition of extra channels for luxury brands [10,62]. At the same time, luxury brands
are confronting “the Internet dilemma” [52], which is the reluctance to incorporate ICT
and e-commerce technologies into their business models [83]. The internet dilemma
impedes luxury brands, such as the luxury giant LVMH (Kering and Hermes) Group, from
collaborating with Amazon [84]. Despite these challenges, the Luxury Stores initiative is
gaining momentum; thus far, more than 50 luxury brands have collaborated with Amazon,
as illustrated in Figure 12.
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The Luxury Stores platform provides the following advantages to Amazon and its
stakeholders:

(1) The millions of Amazon Prime members provide feedback. This initiates an iterative
process in which users’ feedback is used for significant improvements, experimenta-
tion, and innovations.

(2) In contrast to Amazon’s traditional business model the company provides freedom to
luxury brands in controlling inventory, pricing, and distribution. Amazon provides
digital tools and customer data for creating and personalizing content for each brand’s
identity.

(3) This digital store-within-a-store concept and freedom to control can build trust be-
tween Amazon and luxury brands to solve the historic internet dilemma.

(4) Amazon provides luxury brand customers with an opportunity for free shipping and
returns.

Amazon reduces luxury brands’ dependency on brick-and-mortar stores by providing
an independent digital space.

In the same light of solving the internet dilemma, Amazon received a patent for ODM
in 2017 that enables luxury brands to consolidate their supply chains. This challenge can
be expected to be solved by synchronizing ADFs, Luxury Stores, and ODM. This endeavor
suggests a solution to the historic internet dilemma as well as the shift from multichannel
and cross-channel to omnichannel [52].

The mission to be a fashion-driven apparel leader has led Amazon to focus on follow-
ing a three-dimension approach consisting of (i) involving customers in the co-creation of
their preferred styles, (ii) improving brand image with the curation function, and (iii) cap-
turing the luxury fashion market with digital services. Co-evolution and synchronization
of these three initiatives are expected to lead to ODM for the fashion business, together
with shedding Amazon’s uncool brand image and diving into the luxury fashion business,
as illustrated in Figure 13.
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5.1. Involving Customers in the Co-Creation of Their Preferred Styles

Amazon started inducing customers’ preferences with co-creation initiatives such as
See Now Buy Now (2010), Amazon Merch (2018), and Amazon Made for you (2020). This
corresponds with the increasing trend of prosumers (consumers as producers) in response
to the increasing anger of consumers at remaining non-producers, in contrast to their desire
to enjoy an exciting story with their initiatives as heroes/heroines of a drama [9,85].

5.2. Improving Brand Image by Curation Function

Amazon introduced the curation function to shed its uncool brand image in the fashion
industry. It improved customers’ abilities in fashion co-designing by developing a series of
ADFs leading to collaboration with global social media fashion influencers to co-design the
most fashionable collections sold and manufactured in line with demand.

This development of a series of ADFs corresponds to the shift from multichannel and
cross-channel to omnichannel [52].

5.3. Capturing the Luxury Fashion Market with Digital Services

Amazon’s core multichannel fulfillment service enabled it to delve deeper into the
luxury fashion business. For example, the Luxury Stores initiative allowed luxury brands
to make decisions about their inventory, selection, timing, and pricing. Oscar de la Renta,
Elie Saab, and Altuzarra were early partners of Luxury Stores.

This challenge started with the co-existence of luxury brands’ traditional channels and
Amazon’s channels. However, the goal is to transform this co-existence into co-evolution,
as illustrated in Figure 14.

With this co-evolution, Amazon can provide a solution to the previously impossible
conundrum “the Internet dilemma” [77,86]. Thus, a possible solution is a cloud-based
fashion platform that combines ADFs, luxury brands, and all sales channels. This also
transforms the traditional value chain of the fashion industry into a digital platform that
combines stakeholders and consumers at one point. With a cloud-based fashion platform,
the digitalization of the upstream will provide real-time information on changing customer
preferences and enable downstream industries to use digital solutions. Additionally,
increasing environmental consciousness enables stakeholders to adopt green practices
when the value chain of fashion is visible, and customers know the origin of their fashion
products.
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A cloud-based fashion platform enables personalization and customization with
an advanced curation function by way of seamless switching on an on-demand basis.
Consequently, big data on customers, vendors, manufacturers, global influencers, and
social trends can be analyzed, which further improves AWS’s functionality with learning
orchestration externality. AWS, as a computational science infrastructure, grows and
expands by learning digital advancements initiated by preceding endeavors [32,87]. AWS
provides solutions to big data analytic requirements, so that companies focus on business
problems instead of managing these tools. Advanced AWS, in turn, further accelerates
co-evolution among ADFs, luxury brands, and ODM. Activated co-evolution has led to a
cloud-based fashion platform, resulting in a virtuous cycle. Thus, dual co-evolution occurs
among ADFs, luxury brands, and ODM, and a cloud-based fashion platform.

6. Learning Orchestration beyond E-commerce

In the previous sections, Amazon’s ambitious goals of becoming a digital fashion
leader based on digital innovations in fashion were shown and discussed. Considerable
R&D investment, ADFs, luxury brands, and ODM emerged. Moreover, their dual co-
evolution resulted in a cloud-based fashion platform representing a supra-omnichannel
that combines all the stakeholders.

Amazon’s new CEO, Andy Jassy, suggested that “customers will eventually do their
shopping from their Fire TV, Omni, or Fire TV 4-Series. It’s part of the company’s effort
to shift you away from tapping on apps, an experience that will soon feel outdated” [88].
E-commerce apps could be replaced by voice (Alexa), buying while viewing the same fash-
ion show on TV, and digital–physical shopping, such as Amazon Style (2022). Thus, based
on Andy Jassy’s suggestion, it is crucial to investigate a digital solution that leads beyond
e-commerce endeavors. Our research beyond e-commerce focuses on the emergence of
Amazon’s innovations during the COVID-19 pandemic by following learning orchestration
externality strategies, such as the following:

1. Amazon Aware (2022) represents a circular and sharing economy in a carbon-neutral
society.
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2. Amazon Style (2022) represents on-demand manufacturing
3. Luxury Stores (2020) represent co-creation and customization.
4. Making the Cut (2020) for sociocultural engagement.
5. Amazon Braket (2019) for quantum computing.

When learning orchestration externality is applied, the emergence of beyond
e-commerce solutions can be expected, as illustrated in Figure 15.
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6.1. Amazon Aware

Amazon introduced a new fashion brand Amazon Aware (2022). All items including
fashion are certified as Climate Pledge Friendly. Since Amazon Aware (2022) is its private
label, it is expected that fashion items representing this label will be available at Amazon
Style (2022). Both, ODM and Amazon Aware (2022) also correspond to sharing and circular
economy [89].

6.2. Amazon Style

Its preceding ADFs (programs, algorithms, devices) and in-store technologies collect
insights on customers’ digital shopping preferences as well as their brick-and-mortar
behaviors. Such first-party data enable Amazon in creating feedback (preferences, reviews,
ratings, suggestions) channels in finding what customers value and enable it in creating
highly curated and personalized products, recommending them to every visiting customer
in real-time. This data leads to effective, personalization, experimentation, and optimization.
Amazon’s ability to adjust its offerings (curation) based on customer preference data leads
to on-demand satisfaction. Since customers expect responses to their demands quickly,
Amazon Style is designed to provide on-demand satisfaction to every visiting customer by
using enabling technologies consisting of the mobile app, QR codes, cameras, screens, and
sensors [90].

6.3. Luxury Stores

Luxury Stores was initiated with Oscar de la Renta (September 2020), followed by
Roland Mouret (September 2020), Altuzarra (October 2020), Cle de Peau (October 2020),
Car Shoe (October 2020), and Revive Skin Care (October 2020). Since 2020, Amazon
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endeavored to expand Luxury Stores. In solving the internet dilemma, the success of this
endeavor depends on the construction between the traditional business model in brands
and Amazon’s efforts for a more sophisticated omnichannel approach [91].

6.4. Making the Cut

“Making the Cut” (reality TV fashion show) is a transition from traditional e-commerce
to TV commerce, which allows entertainment and shopping at the same time. While using
Amazon’s devices, customers can purchase their desired styles as soon as a TV episode
ends. Along with dramatic features, “Making the Cut” demonstrates a glimpse into what
could prove to be the future of shoppable videos. Thus, “[t]ying the content with the
opportunity to purchase” as soon as the episode ends is a novel method that goes beyond
traditional e-commerce [92].

6.5. Amazon Braket

The emergence of a non-contact society during the COVID-19 pandemic increased
people’s dependence on ICT, social media, and mobile devices. This increased dependence
has changed customers’ buying habits. With growing big data, traditional computing
impedes efficient solutions to large-scale complex problems [93].

With the amalgamation of the IoT and AI approaches, it is assumed that great in-
sights beyond mere knowledge are achieved. However, as indicated by several studies,
there are several data challenges with classical AI approaches. First, most big data are
unstructured [94,95]. There are also a lack of personalized data [13] and uneven data
flow [96].

To gain meaningful insights (wise decision-making) from the growing big data gener-
ated by ADFs, ODM, Echo devices, and other IoT products, more advanced optimization
solutions that also require high-performance computing are required. Moreover, classical
computing becomes inefficient over time [97]. This suggests the integration of quantum
computing with classical AI, IoT, and data analytics. Compared to classical algorithms for
computation, quantum algorithms are expected to solve a set of challenges, including com-
putational optimization for the information and natural sciences, with improved efficiency.
To gain strategic advantages, technology giants such as Amazon [98] and government
organizations are heavily investing in the research and development of these systems.

7. Conclusions and Suggestions

This paper presented the contribution of Amazon’s preceding innovations (learning
orchestration strategy) that led the company to become a largest digital fashion retailer in
e-commerce, brick-and-mortar, and future endeavors beyond e-commerce business. Over
the years, Amazon’s considerable R&D investments have contributed significantly to the
development of the disruptive business model. This achievement is also associated with a
virtuous cycle of user-driven innovation, AWS, and SIRs that activate the self-propagation
function. Amazon’s complex customer-centric R&D process transforms routine changes
into numerous significant improvements. These practices led to the advent of digital
fashion solutions that turned the COVID-19 pandemic into a springboard for innovations
in Amazon’s fashion empire.

Fashion is a mode of self-expression that reflects changes in aesthetic, economic,
political, cultural, and social life. These changes, in turn, change fashion, and apparel
boosts this change. Thus, in response to a shift in people’s preferences, the fashion industry
has been gaining momentum worldwide. At the same time, digital solutions in terms
of communication, devices, services, and e-commerce in fashion are gaining momentum.
An analysis of Amazon’s endeavor to develop advanced digital fashion with aggressive
AI-oriented R&D, an empirical co-evolutional analysis of the development trajectories
of Amazon’s ADFs, and the fashion industry with special attention to the role of AI
advancement was conducted.

The findings include the following:
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(1) Amazon’s innovations are transforming the traditional value chain of the fashion
industry into a platform that harnesses data directly from consumers to develop more
customer-centric products and services.

(2) The recent COVID-19 pandemic contributed as a springboard for innovations.
(3) The fashion industry must accelerate digital innovations through emerging tools,

such as AI, cloud computing technology, AR/VR, blockchain, etc. These digital
technologies can transform the traditional fashion industry into a digital platform
industry. For example, Amazon’s fashion business secured a timely digital solution
by developing a series of ADFs, a supra-omnichannel, and ODM based on the digital
tools described above.

(4) The advancement of AWS, ADFs, and ODM led to the development of Luxury Stores
in 2020, which emerged as neo-luxury. Amazon’s enthusiastic efforts to become an
AI giant enabled this success. The Luxury Stores initiative has the potential to solve
luxury brands’ historic e-commerce dilemma.

(5) The activation of dual co-evolution among ADFs, luxury brands, and ODM is driven by
advancements in AWS/AI that contribute to the development of the supra-omnichannel.
This incorporates a generative function and evolves a cloud-based fashion platform
that integrates internal and external stakeholders. The fashion value chain can be syn-
chronized with ODM in real time, and stakeholders and customers can communicate
within the system.

(6) Amazon has been advancing AWS as an innovative, advanced composite cloud
infrastructure. This infrastructure incorporates a generative function and develops a
cloud-based fashion platform by integrating all stakeholders into one place. These
developments have enabled Amazon to gain the outcomes of learning orchestration
externalities.

Future research could investigate Amazon’s latest innovations during the COVID-19
pandemic, leading beyond e-commerce endeavors in a non-contact society. It would also be
interesting to examine the contribution of Amazon Braket, a quantum computing platform,
to solve non-e-commerce challenges, such as a carbon-neutral society, an age of meaning, on-
demand satisfaction, shopping by amusement, and immersive technologies that correspond
to a non-contact society. It is also important to examine the role of advanced preceding
innovations such as ADFs, ODM, neo-luxury, and supra-omnichannel that emerged with
the dual co-evolution of ADFs, ODM, and neo-luxury beyond e-commerce endeavors.

Thus, the emergence of a non-contact society has created more demand for digital
solutions for the fashion industry due to lockdowns, store closures, and social distancing,
etc. Future research should focus on advanced digital solutions to develop functioning
beyond an e-commerce non-contact society, such as a metaverse society [32,42].
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Abstract: Bangladesh’s ready-made garment sectors have evolved to increase market share in the
global textile supply chain. Textile sectors heavily rely on energy and groundwater consumption
during production; mainly, textile dyeing mills contribute to the carbon footprint and water footprint
impact to the environment. Textile dyeing mills have become one of the major industries responsible
for the continuous depletion of groundwater levels and severe water pollution to the environment.
Reduction of long-term key performance indicators (KPI) can be set to a baseline by reducing energy
and groundwater consumption in textile dyeing mills. This study has analyzed the energy and
groundwater consumption trend based on 15 textile dyeing mills in Bangladesh in 2019. The average
dyed fabric production of 15 textile dyeing mills in 2019 was 7602.88 tons by consuming electricity
and groundwater, and discharging treated effluent wastewater to the environment, in the amounts
of 17,689.43 MWh, 961.26 million liters, and 640.24 million liters, respectively. The average KPI of
treated effluent discharged wastewater was 97.27 L/kg, and energy consumption was 2.58 kWh/kg.
Considering yearly 5% reduction strategies of groundwater and energy consumption for each factory
could save around 355.43 million liters of water and 6540.68 MWh of electricity in 10 years (equivalent
to 4167.08-ton CO2 emission).

Keywords: effluent treatment; energy and water footprint; groundwater level; key performance
indicator; heavy metals discharge

1. Introduction

Energy and water play a vital role in the world’s textile supply chain. The product
lifecycle of a ready-made garment is related to energy and water consumption (EWC)
that comprises several phases: utilization of agricultural machinery driven by fossil fuel
and water usage during cotton cultivation; EWC in textile production: spinning, weaving,
dyeing/finishing, and apparel manufacturing; logistics and transportation of ready-made
garments which contributes to energy consumption; personal use of washing machines
that require a significant amount of water and energy [1–4]. The environmental impact of
the textile supply chain is widespread; for example, it annually contributes 1.7 billion tons
of CO2 emissions, which is around 10% of global greenhouse gas (GHG) exposure [1]. The
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textile supply chain also consumes 1.5 trillion liters of water each year, which is responsible
for 20% of industrial water pollution [5].

Bangladesh is the second-largest exporter of global ready-made garments (RMG),
followed by China [6]. In 2019, the total export value of RMG was 34.13 billion US$,
contributing 84.21% of Bangladesh’s total export value. In Bangladesh, the RMG sector has
evolved to expand its global market share and increase its export value by approximately
63.40% (from 2009 to 2019) [7]. However, the RMG sectors of Bangladesh heavily rely
on energy and groundwater consumption during the production process, contributing
to carbon footprint (CFP) and wastewater discharge to the environment, respectively.
Therefore, EWC in the ready-made garments sector in Bangladesh has become a significant
concern for environmental sustainability. However, scarcity of sustainable water may
hamper the continuous growth of the RMG sector in Bangladesh, mainly groundwater,
the largest and only water source for the entire textile dyeing industry [8]. Due to the
self-extraction of unpriced groundwater in most factories, textiles have become one of the
major industries responsible for the continuous depletion of groundwater levels and water
pollution [9]. In most textile factories, the usage of extracted groundwater is inefficient, and
the amount of attenuation is insignificant. In 2015, 1700 textile dyeing mills in Bangladesh
consumed approximately 1500 billion liters of groundwater. After groundwater usage
by textile dyeing mills, they discharge treated effluent wastewater into the environment,
causing extreme water pollution and groundwater depletion [10]. In addition, the surface
water of the nearby rivers and water canals has been contaminated by this discharged
wastewater with harmful fragments of dyes and chemicals, ultimately affecting aquatic
ecology and agriculture.

Over the past two decades, groundwater decline has significantly threatened the
area in and around Dhaka city and adjacent industrial zones [11]. The extraction is more
than the recharge of aquifers, causing the deterioration of groundwater levels [8,12]. With
the depletion of the groundwater level, the energy cost for groundwater extraction will
also impact production costs in the RMG sector. Therefore, it is high time to tackle this
alarming situation to save our environment and the RMG industry. Addressing this issue,
establishing a benchmark of key performance indicators (KPI) of energy, groundwater and
treated effluent wastewater based on the amount of dyed fabric production will help the
sustainable environment performance index.

1.1. Water and Energy Consumption in Textile Dyeing Mills

By the year 2050, the world’s population will increase around 35%, significantly
increasing textile production and consumption, driving a significant increase in energy
and water consumption, ultimately leading to environmental pollution [4]. In addition,
the textile industry requires an intensive amount of water, which significantly strains
global water resources. As a result, the textile industry is accounted the worst polluter
of clean water, followed by agriculture. At the same time, there are significant concerns
about wet textile processing consuming a massive amount of freshwater, discharging
wastewater and polluting the ecosystem [13]. For example, in 2016, the Chinese textile
industry (consisting of 50,000 textile factories) consumed approximately 3000 billion liters
of freshwater [2,6]. According to the Turkish Statistical Institute, the textile industry is
responsible for 191.5 billion liters of water consumption, the second-largest industry in the
manufacturing sector [14]. On average, approximately 2500–3000 L of water are required
to manufacture a cotton t-shirt. Moreover, a substantial amount of water consumption is
associated with cotton cultivation, followed by wet processing [2]. In addition, conventional
textile dyeing and finishing process require approximately 1.5 million liters of water for
every ton of textile processing [13]. Researchers measure specific water consumption
(SWC) (treated/groundwater) as usage per mass of the product [9]. For example, various
investigations showed that in the wet textile process, on average, 200–400 L of water
were consumed for dyeing 1 kg of fabric [15–17]. In the meantime, SWC usage in the
Turkish textile sector varies from 20 L/kg to 230 L/kg [18]. Therefore, SWC can help
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promote water footprint awareness and set a benchmark index regarding environmental
sustainability. Similarly, yarn spinning, and wet processing consume significant electricity
from the national grid and captive power generators, using fossil fuel and natural gas
for the textile industry. Therefore, manufacturers measure specific energy consumption
(SEC) in wet textile processing as a ratio of electricity consumption for dyeing 1 kg fabric
(kWh/kg) [19]. Generally, the SEC of a textile dyeing mill plays a vital role in monitoring
electricity usage versus production calculation. SEC is convertible to a carbon footprint
based on country-wise "emission factors." In Bangladesh, 0.64 kgCO2 contributes to the
environment, equivalent to generating 1 kWh of electricity [20]. An investigation found
that an average SEC in Turkish textile wet processing required 3.4 kWh/kg dyed fabric [21].
Conserving energy and water consumption will help mitigate air and water pollution,
which will also be part of a more environmentally friendly production process.

1.2. Impact of Discharged Wastewater on the Environment

Discharged treated effluent wastewater contains intense color, inorganic finishing
agents, surfactant, chlorine compounds, high chemical oxygen demand (COD) and bio-
chemical oxygen demand (BOD) amounts, and heavy metals [22]. The investigation also
showed that wet textile processes, including bleaching, dyeing, printing, and finishing, use
3600 dyes and 8000 chemicals [23]. Therefore, effluent treatment costs may account for
5% of total production costs [6]. However, the conventional effluent treatment method is
unsuitable for purifying many toxic and bio-degradable compounds in wastewater [14,17].
Many of these dyes and chemicals account for the direct and indirect causes of water
pollution, soil contamination, and threats to aquatic life [24]. An estimation showed that
textile effluent discharge was around 280,000 tons of textile dyes annually around the globe.
In addition, the discharged treated effluent wastewater temperature is higher (65 ◦C) than
regular water, reducing the dissolved oxygen level of normal water and leading to an
imbalance of biodiversity [24]. Due to this, China is facing one of the worst water pollution
scenarios, which has happened because 70% of China’s rivers, lakes, and reservoirs have
already been contaminated mainly by textile industries [2].

In Bangladesh, a massive amount of discharged wastewater from textiles and effluents
has already altered the aquatic ecosystem’s chemical and physical properties. This alteration
of the typical marine environment has impacted humans, livestock, the fish population, and
biodiversity [25,26]. Moreover, untreated textile wastewater also has a severely harmful
effect on groundwater quality. The location of textile industries is clustered within a
range of 60 km in greater Dhaka industrial zones and their vicinity. The region includes
Narayangonj, Gazipur, some of Mymensingh, and Narsingdi, where rivers and water
canals near these zones are being polluted by discharged wastewater from textile dyeing
industries [27]. Major affected rivers in these textile industrial zones include Buriganga,
Shitalakkhya, Turag, and Dhaleshwari (Figure 1) [28]. Addressing this dire condition of
water pollution, implementing advanced technologies, and cleaner production strategies
may help reduce water consumption and effluent volume from textile dyeing industries.
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1.3. Groundwater Level Depletion

Water pollution and scarcity of water resources have become severe problems due to
a lack of wastewater treatment and water abuse [6]. Freshwater consumption in the wet
textile process has also become a significant concern for those countries facing water short-
ages or those facing it in the near future. For example, textile dyeing mills in Bangladesh
utilize a considerable amount of groundwater. As a result, the decrease of groundwater
and increasing surface water pollution coincide. Industrial effluents from textile dyeing
industries are destroying nearby surface water resources. Currently, water treatment of
Shitalakkhya river water by DWASA (Dhaka Water and Sewerage Authority) meets around
22% of the 2.3 billion liters of daily water demand in Dhaka City, with the remaining
needs met through underground water resources [29]. Generally, extracted groundwater
needs significantly fewer water treatment procedures, while surface water requires various
treatment processes that involve substantial investment costs for drinking, domestic and
industrial purposes. However, an investigation showed that Dhaka’s groundwater level
has dropped by 200 feet in the last 50 years, and this trend continues at a high rate [30].
Consequently, large volumes of groundwater extracted by the textile dyeing industries
threaten the quality and quantity of drinking water accessible to the residents of Dhaka City.

This study aims to examine the current trend of CFP, effluent discharge (wastewater),
and groundwater depletion levels based on textile dyeing mills. Long-term improvement of
these trends based on the amount of dyed fabric production will help maintain a sustainable
environment in Bangladesh.

2. Materials and Methods
2.1. Study Approach

Figure 2 represents the overall study approach of collecting data, processing data, and
analyzing KPI based on production data from the wet processing unit, groundwater extrac-
tion volume, amount of discharged wastewater from treated effluent, energy consumption
from the national grid, and captive power generation and water & carbon footprint. Data
collection, KPI analysis, and recommendations are demonstrated in Sections 2.2, 3.1 and 3.2,
respectively. The recommendation section comprises three key points: making a database
for future reference, setting goals for a yearly KPI% reduction, and introducing the best
available technology to increase productivity and reduce water and energy consumption.
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Figure 2. Work procedure of data processing and analyzing KPIs.

2.2. Data Collection

Factory management collected and provided data to the authors from 15 textile facto-
ries based in 2019. Data was collected based on dyed fabric amounts from 15 textile factories
and associated extracted groundwater, consumed energy, and discharged wastewater. The
factory distances from Dhaka city’s center range from 20 km to 60 km (Figure 3). In addition,
researchers collected secondary data from journal papers, survey reports, international
conference papers, newspapers, and textile magazine articles to corroborate data from the
15 participant sites.
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Groundwater Demand and Wastewater Discharge into the Environment

Equations (1)–(3) demonstrate the KPI of groundwater extraction, effluent discharged
wastewater, and water loss in the process, respectively. The annual KPI of groundwater is a
ratio between the extracted groundwater amount (L) and total dyed fabric amount (kg).
Similarly, the yearly KPI of wastewater is the ratio between total treated effluent discharged
wastewater and the total dyed fabric amount (kg) in the same year.

KPIGroundwater =
∑ Extracted groundwater (Liter)

∑ Dyed fabric amount (kg)
(1)
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KPIWastewater =
∑ Discharged wastewater (Liter)

∑ Dyed fabric amount (kg)
(2)

Equation (3) shows that the KPI of water loss in the process is measured based on
Equations (1) and (2) calculates the difference between groundwater and wastewater KPIs.

KPIWater loss in the process = KPIGroundwater − KPIWastewater (3)

2.3. Data Collected from Selected Dyeing Mills

Table 1 demonstrates collected data from 15 textile dyeing mills in 2019. Data were
collected in each factory based on the annual dyed fabric amount, extracted groundwater
volume, the treated effluent wastewater discharge volume, and electricity consumption.
Electricity supply from the national grid source and electricity from captive power gener-
ation using fossil fuel and natural gas lines determined total electricity consumption. In
addition, researchers tracked groundwater extraction and effluent discharged wastewater
using a water outlet flow meter.

Table 1. Resource Consumption Data Collected from 15 Textile Dyeing Mills.

Factory Total Production (kg) Total Electricity Use
(kWh)

Extracted Groundwater
(in Million Liters)

Discharged Wastewater
(in Million Liters)

F1 4,330,515.00 15,125,711.00 744.05 624.19
F2 9,088,174.00 20,034,081.00 1455.87 865.66
F3 4,413,619.00 6,673,371.00 687.66 340.77
F4 3,639,554.00 7,566,789.00 533.58 501.68
F5 2,409,076.00 8,099,029.00 477.45 372.53
F6 4,083,918.00 13,265,449.00 703.73 481.55
F7 11,193,569.00 21,806,157.00 1297.86 922.51
F8 4,355,228.00 6,595,024.00 470.36 270.21
F9 4,049,474.00 6,992,793.00 401.49 350.37

F10 10,702,135.00 6,5546454.00 1302.71 851.50
F11 5,223,919.00 9,699,231.00 652.66 358.01
F12 41,530,362.00 57,402,492.00 4526.32 2815.04
F13 2,553,747.00 4,194,361.00 356.67 260.12
F14 2,895,710.00 4,574,060.00 371.86 281.81
F15 3,574,246.00 17,766,474.00 436.65 307.67

Energy Consumption and Carbon Footprint

Carbon footprint (CFP) is a broadly used tool for monitoring global climate change.
CFP’s impact on the environment is attributed to the emission of greenhouse gases (GHGs)
such as CO2, N2O, hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur
hexafluoride (SF6) [4,31]. CFP is measured as grams of CO2 equivalent to generating
per kilowatt-hour of electricity (gCO2eq/kWh) utilizing hydrocarbon-containing fossil
fuel [32,33]. The emission factor (EF) varies from country to country, which depends on
the resource utilization of fossil fuels. Table 2 shows country-wise emissions per kWh of
electricity depending on carbon heat generation [20]. For example, country-wise emis-
sion per kWh in Bangladesh is 0.6371 kg-CO2, while KgCH4 and KgN2O’s environmental
contribution is insignificant. Based on Table 2, India is the highest contributor per kWh
equivalent CO2 emission to the environment, whereas Cambodia and China stood in the
second and third positions for CO2 emission. Additionally, Table 2 can also compare
country-wise carbon footprint impact broadly related to textile dyeing production in the
global textile supply chain. More elaborately, a fair KPI can be reached based on a particular
time of textile dyed fabric amount and electricity consumption using the unit kWh/kg.
For instance, 1 kWh of electricity production in Bangladesh contributes 0.6371 kg CO2 and
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converts kWh/Kg to 0.6371 kg CO2/kg. Similarly, this unit can be presented as 0.9746 kg
CO2/kg in China. A list of country-wise emissions factors is adapted from [20]

Emission of GHGs=Energy Consumption (EC) × Emission Factor (EF) (4)

Table 2. Country-wise emissions per kWh of electricity generated [20].

Country kgCO2/kWh kgCH4/kWh kgN2O/kWh

Bangladesh 0.6371 0.00001236 0.00000191
China 0.9746 0.00001047 0.00001521

Cambodia 1.1708 0.00004638 0.00000928
India 1.3332 0.00001552 0.00002011

Pakistan 0.4734 0.00001384 0.00000243
Vietnam 0.4668 0.00000705 0.00000420
Sri Lanka 0.4172 0.00001644 0.00000329

Equation (5) shows the emission of GHG based on energy consumption and country-
wise emission factor. Equation (5) represents energy consumption based on national grid
supply and captive power generation. Calculations use solar energy as a negative emission
factor. However, the amount of solar energy is insignificant compared to grid electricity
and a captive power source.

EC (kWh) = ∑(Grid electricity + Captive power generation)− ∑ Solar energy (5)

Equation (6) represents the KPI of energy consumption based on a ratio of total elec-
tricity consumption (kWh) and total dyed fabric amount (kg). Equation (7) shows the
KPI of CO2 emission contribution to the environment based on a ratio of total electric-
ity consumption (kWh) times per kWh equivalent emission factor to total dyed fabric
amount (kg).

KPIEnergy =
∑ EC (kWh)

∑ Dyed fabric amount (kg)
(6)

KPICO2 =
∑ EC(kWh)× Emission Factor(EF)

∑ Dyed fabric amount (kg)
(7)

3. Results
3.1. Production vs. Energy Consumption

Figure 4 demonstrates the KPI of 15 factories based on energy consumption and
production data for 2019. Based on Table 2 and Equation (6), the annual energy consumption
KPI is the total dyed fabric ratio in a year. As a result, researchers calculated the mean KPI of
15 factories to be 2.58 kWh/kg, where the maximum and minimum KPI was 6.12 kWh/kg
and 1.38 kWh/kg, respectively.
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3.2. Carbon Footprint Contribution to kWh Electricity and Dyed Fabric

Figure 5 represents carbon footprint contribution equivalent per kWh electricity con-
sumption and dyed fabric amount of 15 factories. Based on Table 1 and Equation (7), the
KPI of carbon emission contribution uses a ratio of Bangladesh’s yearly energy consump-
tion multiplied by emission factors (Table 2) to the total dyed fabric in a year. As a result,
the average carbon emission KPI of 15 factories was 1.64 kg-CO2/kg, where the maximum
and minimum KPI was 3.90 kg-CO2/kg and 0.88 kg-CO2/kg, respectively.
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3.3. Groundwater vs. Discharged Wastewater Comparison

Figure 6 compares groundwater versus effluent discharged wastewater based on dyed
fabric amounts of 15 textile dyeing industries. The maximum, minimum, and average KPI
of extracted groundwater were 198.20 L/kg, 99.15 L/kg, and 138.26 L/kg, respectively. Sim-
ilarly, the maximum, minimum, and average KPI of effluent-treated discharged wastewater
was 154.64 L/kg, 62.04 L/kg, and 97.27 L/kg, respectively. Finally, researchers calculated
the KPI of water loss in the process by taking the difference between groundwater and efflu-
ent discharged wastewater KPI, where maximum, minimum, and average KPI differences
were found at 79.0 L/kg, 9.0 L/kg, and 41.0 L/kg, respectively.
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3.4. Heavy Metal Discharge with Treated Wastewater

Figure 7 shows heavy metals released into the environment with effluent-treated
wastewater from 15 textile dyeing mills. According to an effluent-treated wastewater
analysis report from 15 textile dyeing mills, results detected nine heavy metals (boron,
manganese, chromium, zinc, copper, nickel, cobalt, antimony, and lead). Zinc (Zn) was
detected in 13 out of 15 factories, while cobalt (Co) and boron (B) were the lowest traced
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heavy metals found in only two factories. The trace of heavy metals was incorporated from
the factory-wise effluent-treated wastewater analysis reports from third-party laboratories.
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3.5. COD and BOD Amount in Effluent Discharged Wastewater

Figure 8 represents the COD, and BOD amount in effluent discharged wastewater
according to the factory-provided wastewater analysis report. Using a wastewater analysis
report, researchers found maximum, minimum, and mean COD in the wastewater at
216 mg/L, 28 mg/L, and 88 mg/L, respectively. Similarly, the maximum, minimum, and
average BOD amounts were traced at 44 mg/L, 4 mg/L, and 21.8 mg/L, respectively.
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4. Discussion
4.1. Yearly Basis KPI% Reduction Approach and Potential Saving

Figure 9 demonstrates a potential groundwater saving (yearly 5% reduction) ap-
proach based on an average groundwater extraction amount of 961.26 million liters per
factory. Using 5% reduction strategies of groundwater for each factory can save around
355.43 million liters in 10 years. Figure 10 shows a potential energy-saving approach for a
single factory in 10 years. Similarly, a 5% reduction strategy of average energy consump-
tion (17,689.43 MWh) for a single factory can save 6540.68 MWh of electricity in 10 years,
equivalent to 4167.08 tons of CO2 emission reduction to the environment [31].
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4.2. Recommendations

Factories can adopt different strategies to minimize water and energy losses to save
a potential amount of water and energy without significant investment. However, new
machinery and equipment setup often require a considerable investment. Some recommen-
dations are highlighted in Sections 4.2.1–4.2.3.

4.2.1. Best Available Techniques for Potential Water-saving Approaches

• Process-wise and machine-wise water consumption should be monitored for individ-
ual dyeing machine water consumption and take initiatives where water consumption
is comparatively high;

• Use water-efficient machinery and equipment, for instance, substituting a high liquor
ratio dyeing machine with a low liquor ratio [13];

• Ensure optimum condensate recovery from all sections by installing steam traps and
condensate transfer pump to reuse as boiler feedwater;

• Reuse of effluent-treated wastewater in cleaning the empty chemical drums, printing
screens and production floor, car washing and toilet flushing [14];
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• Rainwater is much purer than groundwater and can be used in the production process
without passing through the WTP (Water Treatment Plant), which is economically
suitable and environmentally friendly;

• Prevent all leakages in the waterline and use a trigger nozzle in hose pipes to avoid
the excessive flow of water;

• For fabric washing purposes, counter-current rinsing should be followed. Pretreatment
washing of the dyed fabric should be conducted according to the requirement to avoid
excess washing. Additionally, avoiding the excessive washing of machines;

• Adopting digital printing instead of a standard printing system where chemical
wastage is minimal and requires less water;

• Provision of recovering salt from used liquor, which is ultimately drained to ETP, in-
creasing treatment cost and using acid to neutralize the high amount of alkaline effluent.

4.2.2. Best Available Techniques for Potential Energy-Saving Approaches

• Substitute manual blowdown of boilers with an auto blowdown system to save energy;
• The concept of smart lighting involves utilizing natural light from the sun. Smart

lighting is also a good initiative that minimizes and saves light by allowing the proper
place lighting;

• Proper insulation of all steam valves & flanges to avoid heat loss
• Maintain proper air and fuel ration in boiler through oxygen tuning/oxygen analyzer

to reduce excessive natural gas consumption;
• Installation of exhaust gas boiler and heat recovery from flue gas by installing an

economizer;
• Performing regular leakage tests and monitoring the leakage level of compressed

air lines.

4.2.3. Factory Management Initiatives

• Employee and worker training on water usage also plays a significant role [14]. Con-
veying the environmental impact and the growing consciousness of illiterate or less-
educated workers is very important. The feasibility of waterless dyeing with CO2 or
plasma processing should be investigated as a pilot project basis in Bangladesh as soon
as possible. With modern techniques and solid economic background, some countries
are introducing absolute recycling of water through the zero liquid discharge (ZLD)
plant, which could be the ultimate solution for toxic wastewater. As Dhaka’s ground-
water level is significantly declining, some researchers have suggested recharging the
groundwater artificially [11].

• These approaches could be taken to minimize water and energy without significant
investment. However, this study has analyzed the energy and groundwater consump-
tion trend based on 15 textile dyeing mills in Bangladesh in 2019. The article was
set up as a critical review of the failure criteria that guide the selection of the most
suitable criterion for the chosen case study. Long-term key performance indicator
(KPI) reduction is set to a baseline by reducing energy and groundwater consumption
in textile dyeing mills. The overall calculation can vary by location of textile dyeing
mills worldwide, the number of textile dyeing mills, and the timelines. This case study
was limited to energy and groundwater consumption trends in textile dyeing mills in
Bangladesh. Future recommendations of this study could be expanded to other textile
regions in Bangladesh.

5. Conclusions

Bangladesh is the second-largest exporter of global RMG, followed by China, and this
RMG sector has evolved in growing global market share and increasing its export value by
approximately 63.40% (from 2009 to 2019). These RMG sectors heavily rely on energy and
groundwater consumption during the production process, contributing to carbon footprint
and wastewater discharge to the environment. With the shortage of groundwater levels,
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the energy cost for groundwater extraction will also impact production costs in the RMG
sector. However, soon scarcity of sustainable water may hamper the continuous growth
of the RMG sector in Bangladesh, mainly relating to use of groundwater. Over the past
decades, groundwater decline has been a major threat to Greater Dhaka city and adjacent
industrial zones. Meanwhile, the extraction is more than the recharge of aquifers, causing
the deterioration of groundwater levels. After comparing dyed fabric amounts of 15 textile
dyeing mills and energy consumption, the average KPI of 15 factories was found to be
2.58 kWh/kg. Therefore, on average, COD and BOD in effluent discharged wastewater
of 15 factories were 88 mg/L and 21.8 mg/L, respectively. A yearly 5% reduction strategy
of groundwater and energy consumption for each factory can save around 355.43 million
liters of groundwater and 6540.68 MWh of electricity in the next ten years in Bangladesh
(equivalent to 4167.08-ton CO2 emission). Therefore, without hampering global demands,
this saved water and energy could help us survive more sustainably in the future.
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Abstract: The performance of fiber-reinforced composite materials is significantly influenced by the
mechanical properties of the yarns. Predictive simulations of the mechanical response of yarns are,
thus, necessary for fiber-reinforced composite materials. This paper developed a novel experiment
equipment and approach to characterize the bending behavior of yarns, which was also analyzed by
characterization parameters, bending load, bending stiffness, and realistic contact area. Inspired by
the digital element approach, an improved modeling methodology with the probability distribution
was employed to establish the geometry model of yarns and simulated bending behavior of yarns by
defining the crimp strain of fibers in the yarn and the effective elastic modulus of yarns as random
variables. The accuracy of the developed model was confirmed by the experimental approach. More
bending behavior of yarns, including the twisted and plied yarns, was predicted by numerical
simulation. Additionally, models revealed that twist level and number of plies affect yarn bending
properties, which need to be adopted as sufficient conditions for the mechanical analysis of fiber-
reinforced composite materials. This efficient experiment and modeling method is meaningful to be
developed in further virtual weaving research.

Keywords: fiber/yarn; mechanical properties; finite element analysis (FEA); probability distribution

1. Introduction

Usage of fiber-reinforced composite materials is growing in the aerospace, automotive
sectors, and protective clothing, due to excellent mechanical properties, structural des-
ignability, and fatigue resistance, where there is an increasing need to produce complex
parts in a cost-effective manner [1–3]. Such parts usually consist of two components, includ-
ing the fiber preforms and the matrix. In the fiber preforms, consisting of straight weft yarns
and crimped warp yarns, architecture has an important influence on the final mechanical
properties of the composites. Hence, as a vital part of fiber-reinforced composites, the
mechanical behavior of the yarns will significantly disperse the mechanical properties of
the composite [4–6], such as tensile strength, compression and bending, etc. As a matter
of fact, the yarns themselves are formed by many thousands of individual continuous
fibers, whose fiber structures are extremely complex and variable under force. Thus, a
classification into two scales can be made: meso (yarn level) and micro (fiber level) [7]. The
geometrical deformations that occur across these scales are critical in determining the final
mechanical properties of the composites.

Depending on that described above, the geometrical deformation and mechanical
properties of the two scales need to be explored under force. However, experimentally
predicting the geometrical deformation and mechanical properties of yarn, made of large
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fibers, remains an obstacle to the understanding of these behaviors due to the stochastic
effects of micro-scale interactions [8]. Numerical simulation [9–11] is used to analyze the
mechanical behavior of fiber-reinforced composite, in which the yarns should be modeled
as realistically as possible to make sure that the obtained behaviors are reliable. Some
simulation models [12–14] are established based on the simplified meso scale geometries
of yarns, which does take into account the geometries and mechanical properties of fibers.
The yarn structures can be generated by specialist software such as TexGen [15,16] and
WiseTex [17]. To simulate the realistic geometries of yarn, approaches are generally carried
out at the micro-meso scale based on previous research [18,19]. Wang et al. [20,21] proposed
the digital-element method to model yarns, which were constituted by a bundle of digital
fibers, which were represented by a chain of digital elements between every two digital
nodes. Based on the digital-element method, the virtual fiber method was employed to
model yarns [12,14]. Durville et al. [22] employed beam elements to represent fibers, which
considered the geometrical and mechanical aspects. Durville’s approach starts from an
arbitrary of virtual fiber configuration, in which all yarns have straight trajectories and all
fibers constituting these yarns are taken into account in the model. Daelemans et al. [23]
proposed a numerical modeling methodology to simulate yarns mechanics and geometries
in Abaqus/Explicit. The idealized fibers are produced, which are constituted as a yarn
by a Python script. The main advantage of this methodology is that the simulations are
able to predict the mechanical response of the fabric by considering the sub-yarn behavior
without the requirement of complex constitutive laws. High precision models of yarns
can be generated using the above methods. These yarn modeling techniques, however,
differ significantly from the realistic weaving process and do not consider the geometrical
deformation and mechanical properties of the heterogeneous yarns, namely twisted and
plied yarns, independently.

To acquire a more accurate model and character realistic mechanical properties de-
scribed of heterogeneous yarns, an improved modeling methodology with the probability
distribution constitutive laws needs to be established. A few constitutive laws have been
utilized to characterize the mechanical properties of heterogeneous yarns [24,25]. La-
mon et al. [26] proposed a solution based on a plot of quintile–quintile vs. strength to
characterize flaw strengths using tensile tests on various fiber two types including, SiC,
carbon, glass, basalt, and alumina. The results indicate that the normal distribution func-
tion is used to construct reference empirical distributions of flaw strengths that allow the
evaluation of the Weibull plot and Maximum Likelihood Estimation methods as functions
of sample size and composition. Wang et al. [27] proposed an analytical model based on
the statistic theory to evaluate the random tensile response of jute fiber yarns which con-
sidered fiber crimp and properties distribution. The Beta probability distribution function
was employed to characterize the stochastic tensile response of yarns. Wang et al. [28]
used a constitutive model with stochastic damage properties to simulate axial tensile and
transverse compressive behavior of the twisted yarns in explicit solver Abaqus/Explicit.
The accuracy of the constitutive model, namely geometry and mechanics, was validated
experimentally. Excellent agreement between simulation and experiment is obtained for
the right set of input parameters. The above research investigated the mechanical prop-
erties of heterogeneous yarns focused on the constitutive laws, including the tensile and
compressive behavior. However, the bending behavior of twisted and plied yarns, such as
slippage, distortion, and shift of positions, have not been adequately explained. As a result,
understanding and predicting the bending behavior of yarns, especially twisted and plied
yarns, is crucial for final performance of the fiber-reinforced composite materials.

In the current paper, we use a novel experiment equipment and approach to evaluate
the bending behavior of yarns, which is characterized by bending load, bending stiffness
EIyarn, and realistic contact area Ar. An improved constitutive model with probability dis-
tribution constitutive laws was employed to establish the models and simulate the bending
behavior of yarns. The probability distribution in terms of crimp strain is introduced to
characterize the upper limit of crimp region. The model is demonstrated on carbon fiber
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yarns using the explicit solver Abaqus/Explicit. Meanwhile, to explore how the yarns’
architecture affects the bending behavior, the geometric deformation and bending behavior
of yarns with various twists and plies were predicted on alumina and fiber quartz yarns,
respectively. The model also provided the calculation approach for the bending stiffness of
yarns at specific deflection.

2. Materials and Methods
2.1. Materials

This study was carried out on high-performance yarns, including carbon fiber yarn,
alumina fiber yarn, and quartz fiber yarn, which are directly produced by Weihai Tuozhan
Fiber Co., Ltd. (Weihai, China), Shandong University (Jinan, China), and Feilihua Quartz
Glass Co., Ltd. (Jingzhou„ China). The detailed parameters of the samples are listed in
Table 1. In this study, the carbon fiber yarn, alumina fiber yarn, and quartz fiber yarn
are called CF, ALF, and QF, respectively. Initially, the samples were in the form of yarn
containing thousands of fibers each.

Table 1. Material properties of investigated samples given by the manufacturers.

Yarn and Fiber
Type

Density
(g/cm3) Tex (g/1000 m) Twist Level

(tpm)
Radius of Fiber

(µm)

Carbon fiber yarn 1.91 218 0 5.0
Alumina fiber yarn 2.88 330 170 7.0
Quartz fiber yarn 2.20 190 80 7.5

2.2. Experiment Method and Set Up

According to previous research [29,30], the experiment tests were carried out by a
UMT-TRIBO LAB tribometer (Bruker Nano, Inc., Campbell, CA, USA) which were capable
of being set at gauge lengths of 350 ± 10 mm. A pretension force of 2–6% of the maximum
tensile load was applied to the samples and the deflection is 3 mm. To obtain more accurate
test results, the particular fiber carrier was designed to fix the sample under a certain
tension, as shown in Figure 1. Two ends of the sample were screwed together under strain
during sample fixation. The screwed part of sample was protected by a plastic tube. The
whole test was repeated 20 times at a room temperature of 23 ± 2 ◦C and a humidity of
60 ± 5%.
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Based on the previous research on fiber/yarn contact surface [7,31], the yarn contact
surface extraction experiment was conducted as shown in Figure 2. A silicone film mixture
was prepared with silicone grease and curing agent in the ratio of 1:5, and 2 mL of the
mixture was dropped evenly onto the surface of the cylindrical indenter. After 5–8 min
of contact between the sample and the cylindrical indenter, a silicone film containing
information on the contact surface for the sample was obtained. Furthermore, the silicone
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film was analyzed by a 3D contour measuring instrument VR-5200 ( KEYENCE Inc., Osaka,
Osaka Prefecture, Japan).
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3. Simulation Details
3.1. Constitutive Model Description

Each yarn is composed of thousands of fibers. However, modeling a yarn with realistic
fiber amount is infeasible. A segmented constitutive model is utilized to describe the
bending behavior of yarn. The model proposed in this research is based on the Weibull
distribution described in the literature [28,32,33]. The terms apparent cross-section area
and realistic cross-section area are used to describe the cross-section area of fiber strands.
Images of yarns taken under an optical microscope can be used to determine the apparent
yarn cross-section area, which includes the cross-section areas of the fibers inside the yarn
and the gap between them. The geometry model of yarn is established in Abaqus by Python,
which initially establishes the fiber arrangement of each yarn cross-section according to the
twist level, and further connects each fiber node with a beam element, as shown in Figure 3.
The geometry of yarn was determined based on the following equations:

θ0 = π − n× arcsin(z0/rpoint) (1)





x′ = x0 + κ × Le
y′ = rpoint × cos(θ0 + κθt)
z′ = rpoint × sin(θ0 + κθt)

(2)

where x′, y′, and z′ are coordinates along x, y and z directions, separately. κ is the number

of the element. rpoint =
√

x2
0 + y2

0 is the distance between the node and the center of the
circle on the section. θt and θ0 are the twist level of yarns and the deflection angle of the
element, which usually is normalized by n.

The constitutive structure model of the fiber and yarn needs to be clarified. Initially, li
(i = 1~n) is defined as crimp length of the i-th fiber, which is arranged from small to large.
Hence, the bending strain outside the neutral axis of the i-th fiber is obtained as:

ε
f
i =

l − l0 − li
l0

= ε− εl
i (3)

where l is the stretched yarn length and l0 is the initial yarn length. ε is the yarn strain.
εl

i =
li
l0

is defined as crimp strain of the i-th fiber and is used to characterize the crimp
behavior of fibers within a yarn [21].

σi =





E f ε
f
i εl

i ≤ ε ≤ εb
i

0 otherwise
(4)
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where Ef is Young’s modulus of the fiber, εb
i and εl

i are breaking strain and crimp strains of
the i-th fiber.

Textiles 2023, 3, FOR PEER REVIEW 5 
 

 

 
Figure 3. The 3D segmented clockwise twisted yarns. (Note: the gray is a cross-section of yarn, 
and the green is a cross-section of fiber). 

The constitutive structure model of the fiber and yarn needs to be clarified. Initially, 
li (i = 1~n) is defined as crimp length of the i-th fiber, which is arranged from small to large. 
Hence, the bending strain outside the neutral axis of the i-th fiber is obtained as:  

0

0

f li
i i

l l l
l

ε ε ε− −= = −  (3)

where l is the stretched yarn length and l0 is the initial yarn length. ε is the yarn strain. 𝜺𝒊𝒍 ൌ 𝒍𝒊𝒍𝟎 is defined as crimp strain of the i-th fiber and is used to characterize the crimp 
behavior of fibers within a yarn [21].  

牋牋牋

牋?牋牋牋

f l b
f i i i

i

E

otherwise

ε ε ε ε
σ

 ≤ ≤
= 



 (4)

𝝈𝒊 ൌ ൜𝑬𝒇𝜺𝒊𝒇           𝜺𝒊𝒇  𝜺  𝜺𝒊𝒃 𝟎                  𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆   
where Ef is Young’s modulus of the fiber, 𝜀 and 𝜀 are breaking strain and crimp strains 
of the i-th fiber.  

The attributes with Weibull distribution must be assigned to each virtual fiber based 
on the stochastic distribution algorithm to investigate a more precise mechanical response 
of yarn. The factors with Weibull distribution of fibers—scale and shape factor—are ob-
tained from the research [26,28], probability of fiber can be obtained by Equation (5). 

( ) '1 exp
m

l
i

NP
N

εε
ε

  
 = − − = 
   

 (5)

where m is the Weibull modulus or shape factor. Assuming that yarn with N fiber fila-
ments has N’ fibers under tension and other fibers not, the strain with n’ fibers straight-
ened is 𝜺𝒊𝒍. Thus, the yarn force can be calculated as: 

0
( ) ( )f fF NA E P xp x dx

ε
ε ε = −    (6)

where Af is the apparent cross-section area of the fiber. The probability density function 
p(x) is the derivative of P(x). The stress of yarn with N fibers can be defined as:  

0
( ) ( )fE P xp x dx

ε
σ ε ε = −    (7)

Figure 3. The 3D segmented clockwise twisted yarns. (Note: the gray is a cross-section of yarn, and
the green is a cross-section of fiber).

The attributes with Weibull distribution must be assigned to each virtual fiber based on
the stochastic distribution algorithm to investigate a more precise mechanical response of
yarn. The factors with Weibull distribution of fibers—scale and shape factor—are obtained
from the research [26,28], probability of fiber can be obtained by Equation (5).

P(ε) = 1− exp

[
−
(

ε

εl
i

)m]
=

N′

N
(5)

where m is the Weibull modulus or shape factor. Assuming that yarn with N fiber filaments
has N′ fibers under tension and other fibers not, the strain with n′ fibers straightened is εl

i.
Thus, the yarn force can be calculated as:

F = NA f E f

[
P(ε)ε−

∫ ε

0
xp(x)dx

]
(6)

where Af is the apparent cross-section area of the fiber. The probability density function
p(x) is the derivative of P(x). The stress of yarn with N fibers can be defined as:

σ = E f

[
P(ε)ε−

∫ ε

0
xp(x)dx

]
(7)

Indeed, yarn failure strain and yarn strength are two commonly used yarn failure
criteria [28,34,35]. Assuming that a brittle yarn breaks when its stress exceeds its yarn
strength σs, therefore, the stress–strain relationship in the axial direction of the yarn can be
given as:

σ =





E f
[
P(ε)ε−

∫ ε
0 xp(x)dx

]
ε <

∣∣∣εl
N

∣∣∣
E f

[
P(ε)ε−

∫ εl

0 xp(x)dx
]

ε =
∣∣∣εl

N

∣∣∣
0 otherwise

(8)

The proposed constitutive model is carried out by User subroutine VUMAT of Abaqus
nonlinear finite element codes, which is based on the classic step-by-step iterative method
in an incremental form, shown in Figure 4.
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3.2. Simulation of Bending Test

A quasi-fiber scale model of yarn for bending simulation was established in an ex-
plicit solver Abaqus/Explicit. The parameters of yarn simulation, COF (coefficient of
friction)—0.35, 112 fibers and element length of Le—0.3, were validated based on previous
research [28]. The bending behavior was simulated using two dynamic/explicit steps
by three rigid parts (dimensions consistent with experiments, rigid shell elements R3D4),
which move (displacement-controlled) towards yarn in between the pre-tension in Figure 5.
The dimensional parameters of specimen were identical to experiment in the bending
simulation. The two steps, both 0.5 s, were performed to achieve the bending simulation.
In step 1 the pre-tension was applied, while in step 2 the cylindrical indenter moved to
a set displacement of 3 mm. To achieve a balance between the modeling precision and
computational efficiency and ensure the convergence of the simulation, it is necessary to
use mass scaling to increase the mass of the model artificially. During the analysis, a fixed
mass scaling factor of 100 was introduced to the virtual fiber model. To conveniently apply
the boundary conditions, the nodes at the start and end of the geometric model are coupled
to points RP-1 and RP-2. During the bending simulation of the yarn, the reaction forces and
the distance on the cylindrical indenter are recoded to characterize the bending behavior
of yarns.
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4. Results and Discussion

In this section, the proposed analytical model was validated against the data obtained
from the experiment. The predictions of mechanical properties for twisted and plied yarns
were also performed to understand the generality of the present model. Various parameters
were employed to characterize the bending properties of the yarn and to demonstrate the
universality of the present model.

4.1. Verification of Numerical Simulation Model

Following the experimental and simulation methods described above, taking carbon
fiber yarn as an example, the bending properties were characterized and compared by
the curve between bending load and deflection, as shown in Figure 6. The relationships
between bending load and deflection under pretension are shown in Figure 6a. The bending
load increases non-linearly with increasing deflection, whose shape is similar to the load–
deflection curve of compression behavior [12,36]. Similarly, the curve can be divided into
two phases, the deformation and bending phase, to explain the bending behavior. Both
curves have the same trend for relationships between bending load and deflection during
the whole bending. Additionally, the characteristic value is located in 95% prediction
bounds of the experiment range.

Furthermore, the EIyarn and Ar of yarn were compared to experimental results using
the present model. Here, EIyarn was calculated based on Equation (9) [12]:

EIyarn = ∑ E f (I + d2 A) (9)

where I is the second moment of area, d is the projected distance to the centerline, and A is
the cross-section area of the fiber.

Figure 6b shows the values for the EIyarn and Ar at the deflection of 3 mm. It was
found that the error of the experiment is larger than the simulation. This may be due to the
fact that fiber rearrangement, and the accompanying cross-sectional change, is a dominant
influence mechanism in the bending process of yarns in the experiment. Additionally, it is
worth noting that the determined EIyarn by simulation falls within the range determined by
the experiment whose changing rate is 1.7%. For contact area morphology, both showed a
low center and high surrounding, the height changing rate was about 0.7 mm. The Ar of
experiment and simulation were 17.5 and 15.8 mm2, respectively, whose changing rate for
Ar was 12.6%.
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Figure 6. Comparison of experimental and simulation results of yarn bending behavior: (a) bending
load–deflection curve, (b) resulting values of EIyarn and Ar (taking carbon fiber yarn as an example).

The bending response showed better agreement with the experimentally determined
curve, both in terms of its macroscopic (bending load–deflection) and microscopic (EIyarn
and Ar) parameters, which validates the universality of the present model. Hence, it shows
that the simulation model can be employed to explore the effect of more details on yarn
bending properties.

4.2. Influence of Twist Level on Bending Behavior

Based on the validated simulation model, yarn models with different twist levels
were established and the bending behavior was predicted for 50, 80, 100, 150, and 200 tpm,
respectively. Geometry models of various twisted yarns are generated using 122 beam
elements with different properties. Figure 7 shows the local enlargement of the yarn model,
from which the variation of yarn shape and twist level can be clearly observed. In each
twisted yarn, the twist angles α were obtained from the geometric model of yarns, which
indicates an increasing trend with the increasing twist level. Simultaneously, as the twist
level increased, the fibers within the yarn became entangled and in contact with each other,
gradually squeezing toward the central axis of the central yarn. At the same time, the
curvature of the fiber spatial path gradually increased as the twist level increased, which
led to fiber volume content with increasing twist level.
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The simulation results are shown in Figure 8a. It can be seen that when the deflection
was in the range of 0 and 0.1 mm, the effect of twist level on the bending load was insignif-
icant, while the effect of twist level on the bending load was significant for deflections
between 1.0 and 3.0 mm, that is, the bending load decreased with increasing twist level.
This may be due to the increase in twist level, therefore, migration of external fibers to the
center of the yarn as the arrangement was not yet steady and the increase in fiber cohesion
was achieved. Netherlands, nonlinear processes are observed in Figure 8a, that is, the rates
of change in bending load of yarn between 50, 80 and 100 tpm were not significant. The
rate of change between 50 and 100 tpm with a deflection of 3.0 mm was just 2.9%, while
the rate of change with 200 tpm was 6.9%. Theoretically, the rates of change will probably
continue to increase as the twist level continues to increase.
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Figure 8b showed that the values for the EIyarn and Ar that are determined according
to the methods described in the previous section for different twisted yarns at a deflection
of 3 mm. Firstly, one can see that EIyarn is inversely proportional to twist level, especially
150 tpm to 200 tpm, which can be explained using the deformation mechanisms described.
Yarns with a small twist result in weak cohesion and a great degree of freedom of fibers.
Therefore, the EIyarn can be considered as the sum of each fiber. Conversely, yarns with a
greater twist are susceptible to deformation. In addition, the results of bending simulation
show that the effect of twist level on EIyarn is mainly concentrated in a finite range, whose
conclusions are similar to the ones in the literature. Furthermore, the relationship between
the realistic contact area and twist level was recorded at a deflection of 3 mm by the
numerical simulation method in Figure 8b. It is shown that the Ar decreased non-linearly
as the twist level increased, which is the same trend as the EIyarn’s. This can be explained
by fiber rearrangement theory [7,37,38], that is, mainly due to the great degree of freedom
between fibers within small twist yarns, a new contact surface of yarn is generated by
rearrangement of inner layer fibers to the outer layer. As the twist level continues to
increase, it is more difficult for the fibers to move with each other and the rate of change of
Ar gradually decreases. It can be obtained that the rates of change of the realistic contact
areas with different twists are 2.9, 2.5, 1.5, and 1.4%, respectively, further validating the
above explanation from Figure 8b.

4.3. Influence of Ply on Bending Behavior

To prediction of the effect of the number of plies on the bending behavior of yarns,
similar simulation approach and characterization parameters were employed for analysis
using the quartz fiber yarn. Figure 9 illustrates the five kinds of plied yarns consisting of 1,
2, 3, 6, and 10 plies all with 80 tpm, which clearly indicates single ply yarns by different
colors. It can be seen that the yarn of 10 plies model was relatively “strong”, that is, larger
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diameter and more fibers. In addition, the cross-sections of plied yarns are also shown. With
the increase of fiber amount, the resolution of the yarn’s cross-sectional shape improves.
The calculation time, however, increased from 1.5 h to 8.3 h.
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(b) 2 plies; (c) 3 plies; (d) 6 plies; and (e) 10 plies.

Similar to the effect of twist level, the curve between the deflection and bending load,
EIyarn and Ar were employed to characterize the bending behavior of plied yarn. Figure 10
shows the values for the EIyarn and Ar after the bending of plied yarns, which illustrates
that the effect of ply number on the bending behavior is significant. The bending load
of plied yarn showed a non-linear increasing trend with increasing deflection during the
bending, which can be divided into two phases, that is, the deformation and bending
phase in Figure 10a. The bending load of the defection of 3 mm was proportional to the
number of plies. However, it is seen that as the number of plies increased, the non-linear
variation trend of the bending load at 3 mm gradually became obvious, especially in 3-ply
and 6-ply. This means that the effect of inter-fiber friction force on the bending load of
multi-plies yarns is significant. Figure 10b represents the relationships of EIyarn and Ar to
the number of plies. There was an increase in EIyarn of yarns with the increasing number of
plies at the deflection of 3 mm. This is a result of the increase in the number of fibers in
the cross-section of yarn with the increase in the number of plies. Furthermore, the trend
described is explained by the following equation:

EIyarn =
N2EI f iber

ϕ
(10)

where ϕ is the filling coefficient of fiber, N is the number of fibers within the cross-section,
and EIyarn is the bending stiffness of fiber.

Figure 10b shows that the Ar increases with the increasing number of plies at the
deflection of 3 mm. Apparently, the Ar of 10-ply was the largest within the current research,
which was also influenced by inter-fiber friction force. During the bending process, the
migration of the inter fibers to the outer layer was obstructed, which resulted in a non-linear
change for Ar. Here, Ar varied from 16.5 mm2 of 1-ply to 96.2 mm2 of 10-ply. The overall
behavior was similar to Ar in Figure 8b, but with a few notable differences: somewhat
greater range of variation in the results, and finally, a more marked transition was evident
at around 3-ply where the rate of change of Ar changed. The rates of change were 31%,
30%, 47%, and 31%, respectively, within the scope of the current research, for which the
arrangement of fibers may be responsible.
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5. Conclusions

Predictive simulations of the mechanical response of yarns are necessary for the
structural design of reinforcement, as well as for the development of fiber-reinforced
composite materials. In the present research, experimental equipment and approach were
utilized to characterize the bending behavior of yarns. The modeling approach was used to
simulate the bending behavior of yarns based on our previous research. There are excellent
agreements in characterization parameters including bending load, bending stiffness EIyarn,
and realistic contact area Ar after the comparison between the experimental measurements
and the simulation. Furthermore, the predictions of bending behavior for twisted and plied
yarns were carried out by the described model. It is shown that the bending load decreases
gradually as the twist level increases and increases as the number of plies increases at the
deflection of 3 mm. The EIyarn and Ar are inversely proportional to twist level of yarns
though, which varies on a minor interval. However, mainly influenced by the number of
fibers, the EIyarn and Ar increase with the increasing number of strands, which varies on
a large interval. In the future, more detailed characterization parameters that cannot be
experimentally obtained need to be explored to analyze the mechanical behavior of yarns
through simulation models.
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Abstract: Haptic sensing by sliding fingers over a fabric is a common behavior in consumers when
wearing garments. Prior studies have found important characteristics that shape the evaluation
criteria and influence the preference of consumers regarding fabrics. This study analyzed the tactile
perception of selected woven fabrics, with an emphasis on the participants’ individual differences.
Individual differences generally are discarded in sensory experiments by averaging them. Small
differences among consumers can be important for understanding the factors driving consumer
preferences. For this study, 28 participants assessed fabrics with very distinct surface, compression,
and heat transferring properties by sliding their index fingers along the surface of the fabric. The
participants also engaged in a descriptive sensory analysis. The physical properties of the fabric were
measured using the Kawabata Evaluation System for Fabrics (KES-F) system. Moreover, parameters at
the finger–fabric interface, such as the contact force, finger speed, and skin vibration, were measured
during the assessment. This study used analysis of variance to eliminate nonsignificant attributes.
Consonance analysis was performed using principal component analysis (PCA) on the unfolded
sensory and interface data matrices. Finally, the physical and interface data were regressed onto
sensory data. The results showed that the contact force and finger speed were nonsignificant, while
skin vibration was a possible replacement for surface physical properties measured by the Kawabata
Evaluation System for Fabrics (KES-F) system with an equal or slightly improved explainability.

Keywords: sensory profiling; descriptive analysis; textiles; individual differences; skin vibrations

1. Introduction

Running their fingers over a fabric is a common consumer behavior when choosing
and buying garments. In this tactile interaction, consumers may extract information on
the special characteristics of the fabrics. Over time, this process can lead to the accumula-
tion of consumer fabric evaluation criteria and can be the reason for their preference for
certain fabrics.

Textile industry experts have used sensory analysis to understand consumer prefer-
ences for quality. In the case of descriptive sensory analysis (DA), trained panels have
been used in product development to obtain consistent data and to find small differences
among products. Recently, there has been an increasing interest in engaging consumers in
DA. Related studies have also discussed the pros and cons, accuracy, and reliability issues
between trained and consumer panels [1,2].

Both subjective and objective evaluations of fabrics are necessary to understand con-
sumer preferences. One approach is to measure a series of physical values, such as tensile
strength, shear stress, bending, and compression, using the Kawabata Evaluation System
for Fabrics (KES-F) [3]. Prior studies have interpreted the values obtained in the DA in
terms of physical values by correlation or regression [4,5]. Another reported approach used
a user-oriented design to analyze the depth impression of natural and artificial materials
using concept networks [6]. To understand individual perceptions and preferences, new
characteristic values must be linked to individual senses to produce customized fabrics.

Textiles 2023, 3, 115–128. https://doi.org/10.3390/textiles3010009 https://www.mdpi.com/journal/textiles174
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Recently, studies have analyzed the tactile sensation of materials using sensors that
capture the movement of fingers running across fabric. The velocity of the moving finger [7],
the measurement of the force applied by the finger, the velocity–vibration system [8], and
the vibration [9] have been assessed. These attributes are measured very closely to the
fabric and are expected to be closely related to the physical properties of the fabric. Given
the two-way mechanisms of haptics, some information related to abstract preference layers
may also be collected in these new attributes. These abstract layers are closely related to
consumer individuality. We expect this information to support the understanding of the
individual tactile nature of consumers [10].

In this study, a fundamental case in which a person slides their index finger over
a woven fabric surface was considered. Three parameters were measured: the contact
force, sliding speed, and skin vibration (hereinafter referred to as interface attributes). To
better mimic a familiar environment, little constraint was imposed on participants when
moving their finger from left to right along the length of the sample. Furthermore, a DA
and measurements of the physical properties of the fabrics were also conducted.

The study mainly focused on the differences among the participants and the interplay
between the DA, interface attributes, and physical attributes. Understanding participants’
individuality was prioritized in this study and not sample differences. Samples were
selected for easy discrimination, especially regarding surface properties. This had the
benefits of reducing the mental burden and speeding up the experiment. Unless explicitly
mentioned, the individual averages were not recorded during the experiment.

The analysis strategy comprised (a) elimination of non-significant sensory and inter-
face attributes following a qualitative investigation of (b) the level of agreement among the
participants for each attribute (consonance analysis). Finally, the relationship between the
sensory attributes, interface attributes, and physical properties was investigated using (c)
linear regression. (a) ANOVA; (b) PCA; and (c) principal component regression (PCR).

2. Materials and Methods
2.1. Samples

Six woven fabric samples with different weave structures and surface roughness
values were used in this study. Photographs of the sample surfaces are shown in Figure 1.
The specifications of each sample are listed in Table 1. The surfaces of samples D and F
were hairy; however, the surface of sample D was smooth and composed of fine wool fibers.
The color of the fabrics was assessed using a colorimeter (CM-3600d; Konica Minolta, Inc.,
Tokyo, Japan) under illuminant D65 conditions with a 10◦ field of vision. The values of
L*, a*, and b* are listed in Table 1. In sample B (3 × 1 twill), a large weave rib is clearly
observed compared to the other samples, as shown in Figure 1.

2.00 mm

A

D

B

E

C

F

pa
ra
lle
l

cross

w
ar
p

weft

Figure 1. Photographs of the surface structures of the samples with weave directions. (A–F) Six
woven fabric samples with different weave structures and surface roughness values were used in
this study.
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2.2. Participants

Twenty-eight participants (14 men and 14 women) took part in the finger-sliding
experiment for a total of 14 specimens, as listed under the ‘Code No.’ column in Table 2.
The participants evaluated the samples by sliding the fingers along the warp and weft
directions of all samples, and additionally for two extra directions for sample B (parallel
and cross). All participants were university students (aged 22–25 years) with normal color
vision and normal or corrected-to-normal visual acuity. The order of evaluation of the
samples was randomized.

Table 2. Sample physical properties.

Code No Direction
Surface Heat Flow Compression

SMD
mm

MIU
—

MMD
—

qmax
W/cm2

WC
J/m2

RC
%

LC
—

A-1 Weft 5.91 0.160 0.016 0.124 0.29 40.0 0.32
A-2 Warp 7.92 0.177 0.012
B-3 Weft 8.16 0.286 0.018 0.057 0.59 50.6 0.34
B-4 Warp 2.90 0.170 0.009
B-5 Cross 32.0 0.213 0.019
B-6 Parallel 4.85 0.197 0.011
C-7 Weft 1.54 0.177 0.003 0.208 0.07 37.6 0.38
C-8 Warp 0.68 0.140 0.002
D-9 Weft 2.53 0.134 0.006 0.086 0.37 56.5 0.30
D-10 Warp 2.56 0.124 0.006
E-11 Weft 3.52 0.131 0.015 0.188 0.11 52.7 0.30
E-12 Warp 7.52 0.158 0.020
F-13 Weft 3.81 0.212 0.008 0.050 1.82 49.0 0.45
F-14 Warp 3.27 0.215 0.007

2.3. Measurements
2.3.1. Physical Properties: Surface, Compression, and Heat Flow Properties

Surface properties of the fabrics, such as surface roughness (SMD), coefficient of
friction (MIU), and mean deviation of MIU (MMD), were measured under standard mea-
surement conditions along the warp and weft directions using KES-SE-SR and KES-SE
surface testers (Kato Tech Co., Ltd., Kyoto, Japan), respectively. The shapes of the sur-
face contact sensors used to measure MIU, MMD, and SMD are shown in Figure 2a,b,
respectively. For sample B, the surface properties were measured along four directions, as
shown in Figure 1, because a difference in the SMD values along different directions was
expected. The compression properties were measured using KES-G5 (Kato Tech Co., Ltd.,
Japan) under standard measurement conditions (Table A1, Appendix A). The parameters
LC (linearity of compression–thickness curve), WC (compression energy, J/m), and RC
(compression resilience, %) were obtained. All measurements were performed on three
fabric specimens from each sample (20 cm × 20 cm) at room temperature (23 ± 2 ◦C) and
(60 ± 5) % relative humidity. The maximum value of the heat flow (qmax, W/cm2), which
is related to the warm/cool feeling, was also measured using a KES Thermo Labo II (Kato
Tech Co., Ltd., Kyoto, Japan) in accordance with the JIS L1927 standard.

2.3.2. Descriptive Sensory Evaluation

Eleven sensory attribute pairs divided into two groups were evaluated in this study.
The first group was related to the fundamental physical properties of the fabric: warm/cool,
hard/soft, flat/bumpy, rough/smooth, thin/thick, slippery/sticky, and weak/strong. The
other group was related to personal preferences and experiences: new/familiar, expen-
sive/cheap, uncomfortable/comfortable, and like/dislike. Participants rated the fabric
on a scale ranging from 1 to 7 in accordance with the semantic differential method [11].
Each participant was presented with samples in random order. All four edges of the fabric
were attached to a 10 cm × 60 cm cardboard of 1 mm thickness to prevent movement of
the sample.
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(a) (b)

Figure 2. Measurement of surface properties. (a) Measurement of surface friction using 20 piano
wires (φ = 0.5 mm, probe size of 1 cm × 1 cm) (MIU and MMD). (b) Surface geometry measurement
using a U-type piano wire (φ = 0.5 mm) (SMD).

2.3.3. Interface Parameters: Index Finger Skin Vibration, Contact Force, and
Translation Speed

Participants assessed the sample by sliding their right index finger over the length of
the sample four times, from left to right. A force plate (3-axis force plate; 20 cm × 20 cm,
TF-2020, Tec Gihan Co., Ltd., Kyoto, Japan) was placed under the sample to measure the
contact force. A skin vibration sensor (Yubi recorder, Tec Gihan Co., Ltd., Kyoto, Japan)
was wrapped around the distal interphalangeal joint of each participant’s index finger to
measure the vibrations of the skin triggered by the sliding movement of the finger over
the fabric surface. A motion capture system (Motive, Nobby Tech, Ltd., Tokyo, Japan)
comprising six cameras and three markers (4 mm diameter) was used in this study. One
marker was used on the finger to track its location and calculate its speed. Two markers
were used to indicate the location of the force plate in the motion capture space. Data
logging was synchronized over the period of each assessment. The ambient conditions were
(23 ± 2) ◦C with a relative humidity of 60.5%. The luminance over the fabric was 150 lx,
and the effect of the color difference on visual perception was marginal. The details of the
setup are shown in Figure 3. In this experiment, the following characteristic parameters
were obtained: area under the power spectral density (PSD) of the vibration signal between
60 and 1000 Hz, delta power (DP, mV); contact force (Fz, N), and finger speed along the
sample (v, m/s). The contact force and speed were averaged over the finger slides.

experiment area

marker

Pressure plate

sample
stage

Slide direction

Figure 3. Experimental setup. Starting from the stage, the participants slid the index finger over the
sample from left to right (slide direction) in a smooth and continuous motion. On the index finger,
a motion capture marker and a skin vibration sensor were attached to measure the speed and the
vibration signal, respectively. Beneath the sample, a pressure plate was used to measure contact
force. Two markers on the pressure were defined as the effective experimental areas where all the
parameters were calculated.
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2.4. Analysis

It is important to recognize and consider the various differences that may exist among
participants in sensory description experiments. This recognition and consideration play
a crucial role in deciding n an appropriate model for data analysis, as well as in the
interpretation of the results and determination of the most suitable analysis strategy. The
following is a non-exhaustive list of differences commonly observed among participants:

• Differences in the use of attributes and measurement scale;
• Discrimination ability;
• Differences in sensitivity (perception and recognition);
• Misunderstanding of the meaning of attributes;
• Confusion of similar attributes;
• Repeatability.

In contrast to a trained panel, where the above differences are considered undesirable,
it is expected that such differences will manifest randomly among consumers (represented
by the participants). Some of these differences may be mitigated. For example, centering
of sensory attributes reduces the differences in the use of the measuring scale. Other
differences may require more specialized experimental designs. However, it is important
to acknowledge that, from the participant’s viewpoint in a decision-making scenario, these
differences are of secondary importance as they collectively contribute to the participant’s
unique individuality. This raises the question of the extent to which these differences
should be taken into account. By focusing on the most general case, we have chosen to
examine the degree of agreement among participants, also known as consonance analysis.

The overall analysis procedure included the following steps: (1) initial health check-
up of the data using descriptive statistical analysis; (2) elimination of attributes with low
significance through the use of ANOVA; (3) evaluation of the agreement among participants
through the application of PCA and Tucker-1 modeling as part of a consonance analysis;
and (4) analysis of the correlation between the sensory data, the physical properties of the
samples, and the interface parameters through Principal Component Regression (PCR).

2.4.1. Datasets

The three datasets used in the study consisted of sensory descriptive analysis, physical
properties, and interface data. The sensory dataset served as the master dataset. All
datasets used in the analysis were centered. The interface data and physical properties
were standardized. Unless otherwise specified, the data were not averaged to maintain the
individuality of the participants. The structures of the three datasets are listed in Table 3.

Table 3. Structure of the datasets.

Dataset Samples Attributes Participants

Sensory 11 28
Interface 14 3 28
Physical 7 —

2.4.2. Structure of the Sensory Dataset

In the sensory analysis experiment, m participants evaluated n samples for p attributes.
The data formed a three-way table xijk, with i = 1, . . . , m; j = 1, . . . , n, and k = 1, . . . , p. The
variance model, represented by Equation (1), comprised of participant effects, αik, sample
effects, β jk, and random error, εijk:

xijk = µk + αik + βij + εijk, (1)

The participant effects represented the differences between the average score of par-
ticipant i (and attribute k) and the overall average for that attribute. Similarly, the sample
effects described the differences between the average score of the jth sample for a particular
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attribute k and the overall average value for that sample and attribute. Since there were
no replicate samples, the interaction term was confounded with the error. The interface
dataset followed a similar structure.

2.4.3. Descriptive Statistical Analysis

The overall impression of the sensory and interface datasets was assessed by distribu-
tion plots of all participants and attribute scores for each sample. The presence of extreme
outliers was investigated.

2.4.4. ANOVA

A two-way analysis of variance based on the variance model in Equation (1) was
carried out. Attributes with a p-value < 0.05 were eliminated. Moreover, attributes with
low agreement were also eliminated in the subsequent consonance analysis.

2.4.5. PCA and Tucker-1

Given the three-way structure of the data, it was deemed appropriate to employ
three-way factor analysis (TWFA) in the study, utilizing the Tucker-1 modeling approach.
TWFA represents a generalization of the principal component analysis (PCA) model for
matrices of higher dimensions. The standard PCA of an (n× p) matrix X conforms to the
following model:

X = TPT + E (2)

where T(n× a) is the sample score, PT(a× p) is the attribute loading, and E(n× p) is the
matrix of residuals. The scores are defined to have orthogonal columns and the loadings
orthogonal rows. The loadings P are defined to describe as much variation in X as possible
given a dimension a. Normally PTP = I and T are the projection of X on P. Alternatively,
the problem can be stated as finding the T and P matrices that minimize the residuals in

||X− TPT||2. (3)

In the context of Tucker-1 modeling, if we consider a slice n × p of the three-way
sensory data representing participant i’s individual sample-by-attributes matrix Xi, where
i = 1, . . . , m, Xi can be defined as

Xi = TiPT + Ei, (4)

where P has dimension p × a. Ti and P are found for any a by minimization of the
residuals in

m

∑
i=1
||Xi − TiPT||2. (5)

P is constrained to have orthogonal rows (PTP = Ia) and the Tis are unconstrained. If
the matrix X is unfolded to give an mn× p matrix, it can be shown that the minimization
can be achieved by applying the standard PCA to the unfolded matrix. This corresponds
to the vertical unfolding in Figure 4. Similarly, if the matrix X is unfolded as an n×mp
matrix, it can be shown that the minimization of the criterion can be solved by standard
PCA. The criterion is

m

∑
i=1
||Xi − TPT

i ||2, (6)

where T has dimensions (n× b) and b stands for the reduced dimension. T is constrained
to have orthogonal columns (TTT = Ib) and Pis are unconstrained. For a more detailed
description of the Tucker-1 model see [12,13].
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2.4.6. Consonance Analysis—Visualization of Agreement among Participants

The level of agreement among participants was assessed by applying PCA to the
unfolded sensory and interface data. The distinct unfolding direction results in a different
perspective of the same underlying information. Vertical unfolding made it easier to see the
variability in the sample’s score, whereas horizontal unfolding emphasized the variability
in the attribute loadings. Cross-validation was performed by leaving one participant out in
the case of vertical unfolding.
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Figure 4. Three-way matrix unfolding. The figure depicts the two unfolding strategies used in
Tucker-1 analysis. The three-way dataset is arranged either (a) vertically as an (mn× p) matrix or
(b) horizontally as an (n×mp) matrix, resulting in unique sample–participant or participant–attribute
pairs. This forms the foundation for the agreement (consonance) analysis, where participants with
similar perceptions of samples (a) cluster together in the principal component space and participants
with similar perceptions of attributes or (b) cluster together similarly.

2.4.7. Principal Component Regression (PCR)

In sensory descriptive experiments, high semantic similarity among sensory attributes
often leads to high correlation. Additionally, removing attributes is not always appropri-
ate as the goal is often to comprehend subtle differences in meaning. Performing PCA
before conducting a linear regression, also know as PCR, can address the issues caused by
collinearity. Principal component regression analysis was performed to assess the influence
of the physical properties and interface parameters on the sensory perception of the partici-
pants. The physical and interface datasets were joined into a single matrix for attributes not
yet eliminated. The two steps of (1) PCA and (2) linear regression for the PCR model were

X = TPT + E (7)

where X represents the sensory dataset, T represents the PCA scores, P represents the
loadings, and E represents the residuals. PCA was conducted on each attribute separately,
with rows as samples and columns as participants.

y = Tq + f (8)
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where y represents a physical or interface attribute, T is the PCA score, q is the regression
coefficients for y on T, and f is the residuals. The regression coefficients are also known as
regression loadings because they assume the same role as PT in Equation (8). The regression
loading plots provided a direct relationship between the predictors (sensory data) and the
response (physical attributes and interface attributes).

3. Results and Discussion
3.1. Descriptive Analysis

The median values of the distributions indicated discrimination tendencies among
the participants. However, the high variance in the distributions makes it unclear whether
each participant’s score follows the trend of the median.

3.2. ANOVA

The attributes of weak/strong and new/familiar were found to be not significant
in the sensory dataset. The speed and force were not significant in the interface dataset
(Figure 5). Although the contact force and speed attributes were eliminated, there may still
be important correlations not investigated in this study. For example, the time between
evaluations of variations in speed may be correlated with the level of confusion over
the attributes.

0 25 50
F

expensive cheap
flat bumpy
hard soft

like dislike
new familiar

rough smooth
slippery sticky

thin thick
uncomfortable comfortable

warm cool
weak strong

sample effect

0 25 50
F

participant effect
(a)

(b)

0 5 10
F

delta power
force
speed

0 200 400
F

Figure 5. Two-way ANOVA (sensory and interface data). Model with effects for the sample and the
participants. (a) Sensory attributes and (b) fabric–finger interface attributes. The bar length represents
the F-value. The attributes in red have a p-value > 0.05 and were regarded as non-significant.

3.3. Consonance Analysis
3.3.1. Vertical Unfolding—Sensory Dataset

Figure 6 shows that the robustness of the PCA model is supported by the invariance
of explainability with and without cross-validation. The loading plot shows that the first
component spans surface property variations, whereas the second component spans a
compression-heat transport variation. The correlation was found to be strong between
slippery/sticky and flat/bumpy. As the sample surface properties were quite different,
we assumed that the participants interpreted the attributes similarly. The correlation plot
suggests that slippery and flat were interpreted as smooth, whereas sticky and bumpy
were interpreted as rough. Similarly, but to a lesser degree, we could observe that the
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participants like samples that appear expensive and comfortable while disliking cheap and
uncomfortable. Finally, the soft samples were interpreted as warm and the hard samples
as cool. Given the correlation, the attributes expensive/cheap and slippery/sticky were
dropped at this point.

3.3.2. Horizontal Unfolding—Sensory Dataset and Delta Power

Scores from the sensory data and delta power (Figure 7) showed similar relationships
among the samples. This result highlights the fact that skin vibrations were the main factor
affecting the surface perception of the samples. In Figure 8, the loading plots show the
level of agreement among the participants for each attribute. A strong agreement in the
surface-related attributes was noticed.
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Figure 6. Consonance analysis—sensory data (vertical unfolding). The agreement in the samples
can be inspected. Attributes flagged by the ANOVA have been dropped. Cross-validation was
performed, leaving one participant out. “Scores” represents the distribution of the samples, as seen by
the participants compressed in the first two PCs. Bold colors represent the sample median. “Loadings”
represents the attributes of the PCA space. Subjective preference attributes are highlighted in red.
“Correlation loadings” is an alternative scaling of the loadings plot, where each original attribute is
correlated with the score components. The outer ellipse corresponds to a 100% correlation and the
inner to a 50% correlation.
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Figure 7. Consonance analysis (scores)—sensory and delta power (horizontal unfolding). The left
scores plot corresponds to the sensory data and the right corresponds to delta power.
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Figure 8. Consonance analysis (loadings)—sensory and delta power (horizontal unfolding). Cor-
relation loadings plot for each sensory attribute. Each graph represents the same data. The same
graph is repeated highlighting each sensory attribute at a time. The level of agreement is given by the
level of the clustering of the participants.

4. PCR

Regression analysis highlights the relationships among the sensory attributes, physical
properties, and delta power. The correlation plots (Figure 9) with 100% and 50% corre-
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lation ellipses show which attributes are better at describing the variance in the sensory
data. The explained variance values are provided for PCA and regression. The regression-
explained variance is the average value for all participants. The relationship between
compression, heat transfer, and surface properties depends on the investigated sensory
attributes. More importantly, even where agreement exists, the factors driving the vari-
ability were slightly different. This is a manifestation of the individuality of participants.
The attributes warm/cool and thin/thick were independent of finger vibration. In the
case of sensory attributes related to surface properties, the results show that delta power
can be a drop-in replacement for physical surface property parameters showing equal or
increased explainability.
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Figure 9. Principal component regression—correlation loadings plots. Physical properties and
delta power were regressed onto the principal components of the sensory dataset. The regression
coefficients (regression loadings) are plotted in red. The percentages shown on the left indicate the
explained variance in the component. On the right, the mean R2 values for all the response variables
in the component are shown. Delta power was regressed without averaging and the medium value
(blue) is highlighted. Roughly, values inside the inner ellipse are not significant (p-value > 0.05).

5. Conclusions

In this study, individual tactile perception was analyzed by sliding a finger over a
fabric. During this simple finger movement, the relationships between the individual
perception, fabric weave structure, physical properties, and hybrid attributes measured at
the finger–fabric interface (contact force, speed, and vibration) were investigated. Surface
tactile perceptions, such as flat/bumpy, rough/smooth, and slippery/sticky, were influ-
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enced by the vibration occurring at the finger–fabric interface. However, warm/cool and
thin/thick perceptions were independent of finger vibrations. Skin vibration was shown to
be a possible replacement for the surface physical properties measured by the KES-F with
equal or slightly improved explainability. Although not significant in this experiment, the
interface parameters of contact force and speed could be useful in describing the decision-
making characteristics not covered here, for example, the degree of confusion toward a
sensory attribute. Finally, individuality, depicted using PCR correlation plots, was shown to
be a useful tool to understand sensory data while accounting for participant individuality.
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Abbreviations
The following abbreviations are used in this manuscript:

KES-F Kawabata Evaluation System for Fabrics
PCA Principal Component Analysis
DA Sensory Descriptive Analysis
MIU Coefficient of Friction
MMD Mean Deviation of MIU
SMD Surface Roughness
LC Linearity of Compression
WC Compression Energy
RC Compression Resilience
PSD Power Spectral Density
PCR Principal Component Regression
TWFA Three-way Factor Analysis

Appendix A

Table A1. Characteristic values and standard conditions of measurement of the physical properties.

Property Symbol Characteristic Value Unit Measurement Condition

Compression LC Linearity of compression
displacement curve — Maximum pressure, Pm, = 5 kPa

WC Compression energy J/m2 Rate of compression = 20 µm/s
RC Compression resilience %

Surface MIU Coefficient of friction — 20 steel piano wires with 0.5 mm
diameter and 10 mm length.

MMD Mean deviation of MIU — Contact force = 0.49 N

SMD Geometrical roughness µm Steel piano wire with 0.5 mm diameter
and 5 mm length. Contact force = 0.1 N

Thickness T0 Thickness at pressure of 49.0 Pa mm
Weight W Fabric weight per unit area g/m2

qmax qmax Maximum value of heat flux W/cm2 ∆T = 10 ◦C
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Abstract: Stretch fabric provides good formability and does not restrict the movement of the body
for increased tension levels. The major expectations of a wearer in an apparel fabric are a high
level of mechanical comfort and good aesthetics. The prediction of shrinkage in stretch fabric is a
very complex and unexplored topic. There are no existing formulas that can effectively predict the
shrinkage of stretch fabrics. The purpose of this paper is to develop a novel model based on an
artificial neural network to predict the shrinkage of stretch fabrics. Different stretch fabrics (core-spun
lycra yarn) with stretch in the weft direction were manufactured in the industry using a miniature
weaving machine. A model was built using an artificial neural network method, including training
of the data set, followed by testing of the model on the test data set. The correlation of factors, such
as warp count, weft count, greige PPI, greige EPI, and greige width, was established with respect to
boil-off width.

Keywords: shrinkage behavior; stretch fabrics; weave structure; correlation; boil-off width

1. Introduction

Stretch textiles, which range from infant clothes to upholstery, provide a better fit
for a wide range of products. Some fabrics offer tremendous control, while others offer
ease of movement or a comfortable fit. These stretch fabrics can be divided into two types.
One type is power stretch, which can be found in support garments, swimsuits, and other
items. The other is comfort, sometimes known as action stretch. It can be found in athletic
and casual wear, and other products with a lot of mobility and a smooth fit [1,2]. Stretch
fabric is a fabric that stretches when force is applied in a single or several directions during
normal wear. Power stretching is well known, while comfort stretching is a relatively
recent notion [3]. Stretch fabric is made from materials that have specialized extension
qualities, with at least 20% elongation in the warp direction [4]. Cotton fabrics are used
along with spandex to provide greater stretch and recovery than cotton alone can provide.
Cotton/spandex blends are most common in women’s clothing, but are now spreading
into other product categories, such as knit products, skirts, leggings, and tops, as well as
almost all sorts of woven fabrics, such as stretch jeans. Spandex is typically found in woven
textiles as a core spun yarn; however, the form in which the spandex is used relies on the
fabric construction, performance needs, and designer’s knowledge. Cotton knit fabrics
with spandex often have stretch qualities ranging from 50 to 100%; this figure is typically
15 to 50% for woven structures.

In general, a ’stretch fabric’ is defined as a material with a minimum stretch of 20%
in the warp direction. Natural rubber is the main choice for adding elasticity to fibers,
and mercerization and texturization are used to process normal woven fabrics to develop
elasticity. Since conventional rubber is used, there is a need for other synthetic materials
to take on increasing demand, and spandex has emerged as a solution to this problem.
A popular way to produce stretch fabrics is to use elastane yarns, because the desired
properties can be achieved by using 2–3% of elastane yarns. Spandex-containing stretch
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fabrics are less stiff, more easily stretchable, and more recoverable than non-spandex fabrics.
Value may be added to garments due to spandex by emerging properties such as wash and
wear, which add comfort during wear [5].

Stretch fabrics have lower drapability and wrinkle recoverability. Stretch textiles
can be compressed more than others and have larger surface volumes when it comes to
compression. Furthermore, their higher compression recovery reflects the inherent property
of stretch materials as opposed to non-stretch fabrics in general [6]. Stretch fabric is either a
two-way stretch or a four-way stretch. According to researchers, a stretch range of 20 to
45% from the wearer’s comfort viewpoint depends on the end use [7]. Stretch fabrics can
be woven as well as knitted fabrics. The various methods used in the production of stretch
fabric can be listed as slack, the mercerization of fabrics, weaving fabric with high twist
yarn, using textured synthetic yarn, using covered rubber yarns, using spandex yarns, and
so on [8]. In one study, the linear density of weft threads and the preliminary tension of the
ground yarn, which produced a pillar stitch, were found to affect the stretch qualities of
elastic warp knitted fabrics, the full deformation, and the constituent parts [9].

As spandex is generally used in the weft direction in stretch fabrics, the properties
based on weft input become crucial in testing the performance of stretch fabrics. These
parameters include fabric growth, fabric stretch, and elastic recovery of the stretch fabric.
Stretch fabric is popular among sportswear companies. Stretch fabrics have a wide range
of applications in sports apparel, including yoga suits, bicycle shorts, skiwear, swimsuits,
leotards, sports bras, and all other types of apparel designed for intense stretching of
body parts.

Cotton and spandex fabrics will always default to a lower energy level. Relaxing the
cloth from intrinsic construction and processing tensions improves dimensional stability.
The boil-off bath should contain a good textile detergent or the scouring agents to be used
in processing. A useful way to quickly determine the relaxed state is to "boil-off" a two
yard long, full-width sample. Following the boil-off, the samples can be dried in a sample
oven and the fabric width measured. This is the absolute smallest width to which the fabric
will shrink. This understanding will prohibit the finisher from attempting to complete the
fabric at a width less than the relaxed width.

Stretch fabric, when subjected to heat and moisture during processing, tends to release
its internal stresses and shrink to a certain extent. This shrinkage is dependent on the
following parameters: yarn count, fabric construction (EPI, PPI), weave structure, the
percentage content of spandex in the fabric, loom width, and so on. Shrinkage occurs when
moisture, heat, and mechanical action (movement during fabric formation, drying, and
washing) are mixed [3,10–12]. The combination of these factors causes the fibers to release
the stresses created during the fabrication of the stretch fabric. Higher moisture content also
increases the rate of shrinkage. There are two methods to control fabric shrinkage. First,
shrinkage is appropriately controlled at feeding and is reduced with length and width to
apply clothing with lower or greater feed speed. The maximum is controlled using 70–75%
shrinkage. Second, shrinkage fiber is raised to its original position in the thermoplastic and
cooled after the reaction of a hot steam process [13–15]. This process will mold the fiber
to its original position. Shrinkage percentage plays a very important role in stretch fabric
manufacturing as the stretch of the fabric is indirectly dependent on it, and stretch is very
important in specific end-use fabrics, such as sportswear and infant wears. Therefore, it is
very essential to predict the shrinkage percentage of stretch fabrics in the manufacturing
textile industries.

In one study based on the basic fabric constructional variables, it was discovered that
an artificial neural network can accurately assess the tear strength of a bed sheet fabric. The
weave structure of the material was discovered to be significantly related to the tearing
strength properties. Including the weave factor parameter as a training input can improve
prediction performance even further. Therefore, artificial neural networks have great
importance in the textile industry for advanced fabric manufacturing, product development,
etc., wherein developing new specialty fabrics is vital (Ahirwar and Behera, 2022).
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Artificial intelligence (AI) is a machine’s abiltiy to carry out tasks in a way that would
be considered smart. The AI approach is founded on the assumption that data are fed
into machine learning models which then gain intuition on their own, with no manual
intervention [16–19]. ANNs, or artificial neural networks, are forms of neural networks
based on a collection of units called artificial neurons which are connected to the next
layer’s units, as shown in Figure 1. Arrows represent the connection or interchange of
information through an arrow from one layer to another, and on the other side, we obtain
the output of our neural network [20–23]. This design is based on our brains. Numerical
information from these neurons passes on through deeper layer neurons.
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Figure 1. Two input, one output model.

Algorithms in machine learning are primarily based on methods to easily process a
wide variety of data that are difficult to process manually. In the production of stretch fabric,
stretch yarns were used. These yarns are very sensitive to low-standard spinning methods
compared with core-spun yarns. Due to improper heat settings or machine parameters,
some problems may occur, such as variation of dyeability or shrinkage throughout the
fabric or color fading or stripe effect. Since a two-dimensional fabric is used to mimic the
surface of a three-dimensional body, the result can be problematic, and the main important
thing is the shape and the frequent posture of the person and how our fabric performs in
that condition. The shrinkage in the stretch fabric is dependent on every factor that comes
into account in its production. A lot of these variables are unable to derive a formula for
shrinkage manually. Additionally, other studies predict fabric properties that are hard to
predict manually using machine learning models. This gives us a direction of research for
predicting shrinkage using machine learning. In light of the above discussion, the present
study focuses on predicting the shrinkage of stretch fabrics by using machine-learning-
based artificial neural networks.

2. Materials and Methods
2.1. Materials

Stretch fabrics (core-spun lycra yarn) with stretch in the weft direction were manufac-
tured by Vardhman Industries, India. The fiber blends used were 96–98% cotton and 2–4%
elastane. Different samples were manufactured in an industry using a miniature weaving
machine. The parameters and their numerical range are given in Table 1 and were used as
the data points in the artificial neural network.

2.2. Methodology
2.2.1. Process Sequence

The grey fabrics were processed using the standard process settings used in commer-
cial production, as shown below.

Grey fabric→ Grey wash→ Heat Set→ Pre-treatment→Mercerization→ Peach→Wash→ Dry pad
→ Pad steam→ Finish→ Dry
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Table 1. Particulars of fabric samples.

Parameters Minimum Maximum Average

Warp count (Ne) 7 50 22
Weft count (Ne) 6 50 18

Spandex in weft core (Ne) 7 140 68
Ends/inch (EPI) 50 186 101
Picks/inch (PPI) 38 108 65

Greige width (cm) 125 210 180
Boil-off width (cm) 38 177 130

Areal density (g/m2) 96 327 199

2.2.2. Artificial Neural Network to Predict Shrinkage

Machine learning-based artificial neural networks, are now widely being used to
forecast the performance of any parameter. The artificial intelligence (AI) concept is based
on the idea that data are supplied to machine learning models which then learn intuitively,
on their own, with no manual intervention [16–19]. Artificial neural networks are varieties
of neural networks based on a collection of units called artificial neurons that are connected
to the next layer’s units [20–23].

The important steps in the ANN methodology include the building of the model,
training, and testing of data points, and authentication of the model. These steps are to be
performed very specifically to obtain precise results. The characterization of properties is
considered for the shrinkage of stretch fabrics. The input parameters, such as yarn count,
construction parameters, weave structure, and on-loom width were measured. Spandex%
was also taken into consideration. Shrinkage% is measured using the ANN model. These
five input parameters and one output parameter data were stored in MS Excel and were fed
to the model accordingly. As weave structure cannot be represented in a numerical value,
weave factor is used as a numerical representation of the weave structure. It is the number
of interlacements of warp and weft in each repeat. The formula used for weave factor is:

M = E/I

E = number of threads per repeat;
I = number of interactions per repeat.
In the case of irregular weave patterns, the weave interlacements of warp and weft

yarns may be different; hence, two weave factors, M1 and M2, are considered:

M1 = E1/I2 M2 = E2/I1

where E1 and I2 can be measured by observing a pick in fabric, and E2 and I1 can be
measured by observing ends in the repeat.

2.2.3. Significance of Backpropagation

Backpropagation is a learning technique used by artificial neural networks to generate
a gradient descent for weights. A comparison is made between the desired and realized
system outputs, and then connection weights are adjusted to reduce the discrepancy as
much as is feasible. In this method, weights are changed in reverse order, from output
to input. The different factors that need to be taken into consideration while training a
machine learning model are very important, as they can significantly affect the prediction.
A wide range of factors that could affect the shrink age behavior were considered, and then
later ranked based on their affectability. The different input parameters selected here are,
warp and weft count, ends/inch, and picks/inch, spandex percentage, and greige width of
the fabrics. Following that, the fabric was cleaned and preprocessed using several scikit-
learn data pre-processing packages. Preprocessing data is an important step in machine
learning since it enhances the quality of the data and makes it easier to extract meaningful
information. Data preprocessing in machine learning is the process of preparing raw data
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for use in the building and training of machine learning models. Data pre-processing in
machine learning is essentially a data mining strategy that converts raw data into a more
comprehensible and legible form. Standardization and normalization are used to ensure the
accuracy of a dataset. As the precursor to many machine learning models, standardization
is an important pre-processing step that is used to equalize the range of features in the
input data set.

2.2.4. Building a Machine Learning Model to Predict Shrinkage Behavior Using ANN

Traditionally, neural networks have only three layers, which are the input layers,
hidden layers, and output layers. Input layers are fed external data and, output layers
feed their data to an external output, which is used in prediction. All these three layers are
commonly referred to as dense layers. All the neurons are connected to each neuron in the
next layers, and the output neuron has no forward connection to another layer, as shown in
Figure 2.
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The architecture of the model is very important for the prediction of numerical output
using machine learning. This architecture depends on how much depth the input data are
related to the output data. The number of interrelated parameters might be the best choice
for the number of deep layers in the neural network. The deeper the layer, the greater
the number of weights required to manage a deeper neural network, which can result in
predicting a good result. Four layers of neural networks were chosen, three of which will be
hidden. Five neurons are chosen for each layer, and the output neuron will have shrinkage
as an output. The number of epochs will be taken as four initially and will be changed as
the model becomes accurate.

2.2.5. Training the Artificial Neural Network Model

Training a model for predictive analysis gives the model an intuition about how the
output parameters will depend on input parameters. Data points are divided into two sets:
one is a train set, and the other is a test set. Train sets were used to train the model, and a
test set to test the model for unseen data and prediction. The number of times this process
is repeated is the number of epochs. A higher number of epochs will increase time but also
increase accuracy for current data. Training a model takes most of the time, and models
are generally deployed on cloud storage, such as AWS and Google Cloud. These cloud
storages are also equipped with TPU (tensor processing unit), which is very good for matrix
multiplication and other operations. Nvidia GeForce GTX 1050 was used in this study.

2.2.6. Testing the Model on a Test Data Set

After building and training the model, the model accuracy was tested. The data set
was divided into a test set and a train set. Twenty percent of the data were used for the
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test set. The model will predict the accuracy of model prediction on test data for each
epoch. If low accuracy is obtained for the train set, then the time hyperparameters are
changed accordingly, and if both the train and test set have low accuracy, then a different
architecture for the model is to be developed. This will determine how the model predicts
the test set data.

2.2.7. Authentication and Using the Model for the Prediction of a New Data Set

Experimental testing data are used for evaluating the accuracy of the model. This will
give an idea of the error of the model concerning real-world scenarios, and corrections
will be incorporated according to the type of error. These errors are mainly there if there
is an unknown factor that exists, but is not in our inputs. Generally, these errors are
negligible, but in case of very high accuracy, this can be added to the model as an input.
The development of stretch fabric is an important factor as the prediction of the model’s
performance is based on these results. The error in the development of the fabric will lead
to an error in the evaluation of the model. The error measurement of the machine learning
model was used with respect to experimental results as a factor in this evaluation. If there
are no significant results in the model, then the model architecture and parameters are
reshaped. Evaluating the model is the final step in this study. Statistical results, such as the
p-test, were used to test our model’s accuracy and significance. The evaluation gives an
idea about how much the model is reliable and precise in a real-world scenario.

3. Results and Discussion
3.1. Error Backpropagation Algorithm for Shrinkage Percentage

The algorithm related to the error backpropagation method to determine shrinkage
percentage is given below.

The error signal at the output neuron j at the iteration n is defined by ej(n) = dj(n) −
yj(n).

The internal activity level vj(n) produced at the input vj(n) = ∑i = 0
p wji(n)yi(n).

The output of the neuron j at iteration n is yj(n) = ϕj (vj(n)).
The local gradient is δj(n) = [dj(n) − oj(n)] oj(n) [1 − oj(n)].
For the hidden neuron j, the local gradient is δj(n) = yI(n) [1 − yI(n)] ∑k δk(n) wkj(n).
The correction ∆wji(n) applied to the synaptic weight is ∆wji(n) = η × δj(n) × yi(n).
In forward pass, the synaptic weights remain unaltered throughout the network. In

nonlinear functions, the below functions were included:
The log function is yI(n) = 1/(1 + exp(−vj(n)).
The hyperbolic tangent function is ϕj (v) = 2a/(1 − exp(bv)) − a.
The momentum constant is ∆wji(n) = α∆wji (n − 1) + η δj(n) yi(n).

3.2. Correlation of Factors with Respect to Boil-Off Width

The correlation of factors with respect to boil-off width was established. The factors
include warp count, weft count, greige PPI, greige EPI, and greige width. The R-value and
p-value of fabrics were found with respect to boil-off width, and are given in Table 2. The
R-value donates the correlation between the boil-off width and the different construction
parameters of the fabric. The error matrices obtained from the machine learning model
with respect to experimental shrinkage and shrinkage predicted by using Equations (1)–(4)
are given in Table 3. The graphs depicting the correlation of warp and weft count with
respect to boil-off width are shown in Figure 3. A low degree of negative correlation was
observed between the boil-off width and warp count of 100% cotton. This means that as the
warp count increases and the fineness of the yarn increases, the boil-off width decreases.
A low degree of negative correlation was also observed between the boil-off width and
weft count of cotton-spandex. As the weft count increases and the fineness of the yarn
increases, the boil-off width decreases, and it can be seen from Figure 3 that the points are
scattered over the region, depicting low correlation. The graphs depicting the correlation
of greige EPI and PPI with respect to boil-off width are shown in Figure 4. A high degree of
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negative correlation was found between EPI and boil-off width. As the greige EPI increases,
the boil-off width of the fabric decreases. A high degree of positive correlation was found
between PPI and boil-off width. As the greige PPI increases, the boil-off width of the fabric
also increases. The graph depicting the correlation of spandex percentage with boil-off
width is shown in Figure 5. A low degree of negative correlation was observed between
boil-off width and spandex percentage in weft core. This means that as the percentage of
spandex in the weft yarn increases, the boil-off width of the fabric decreases. The graph
depicting the correlation of greige width with boil-off width is shown in Figure 6. A high
degree of positive correlation was observed between boil-off width and greige width. As
the greige width of the fabric increases, the boil-off width of the fabric also increases. It
can be witnessed from Figure 6 that a cluster of dense points occurs in the graph, depicting
high correlation.

Table 2. R-value and p-value of fabrics with respect to boil-off width.

Properties R-Value p-Value

Warp count −0.089 0.002
Weft count −0.048 0.088
Spandex% −0.119 2.136
Ends/inch −0.040 0.150
Picks/inch 0.071 0.012

Greige width 0.635 1.184
M1 −0.168 2.042
M2 −0.119 2.265

Table 3. The error values for experimental and predicted shrinkage.

Errors Values

Mean squared error 48.64
Mean absolute error (%) 4.21

Mean standard error 48.60
Root mean squared error 6.97
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Using an error measure, one may determine the forecasting model error. These are
used to objectively compare the performance of opposing models. The error metrics that
are employed here include MSE, RMSE, MAE, and MSE root mean squared error (RMSE)
(SE). The correlation coefficient “r” is a unit-free value between −1 and 1. The statistical
significance is indicated with a p-value.

Mean squared error (MSE) (average of the squares of the errors):

MSE =
1
n

n

∑
i=1

(Yi−Yi)2 (1)

where n is the number of data points, Yi is the observed value, and Yi is the predicted value.
Mean absolute error (MAE) (a measure of errors between paired observations express-

ing the same phenomenon):

MAE =
∑n

i=1|yi − xi|
n

(2)

where n is the number of data points, yi is the predicted value, and xi is the true value.
Mean standard error (SE) (standard deviation of its sampling distribution):

SE =
σ√
n

(3)

where n is the number of observations, and σ is the standard deviation.
Root mean squared deviation (RMSD) is a measure of the differences between values

(sample or population values) predicted by a model:

RMSD =

√
∑N

i=1(xi− xi)2

N
(4)

where i is a variable, n is the number of data points, xi is the observed value, and xi is the
predicted value.

The mean absolute error percentage was found to be 4.21, which is within the ac-
ceptable range; the root mean squared error was also within the acceptable bounds. As a
result, this model can accurately forecast the shrinkage behavior of stretch fabrics, allowing
industries to use this tool to predict shrinkage behavior prior to the beginning of actual
manufacturing. This is an advantageous tool for product development, quality assurance,
and advanced fabric manufacturing.

4. Conclusions

It was determined that the artificial neural network can accurately forecast stretch
fabric qualities based on basic fiber characteristics and fabric constructional parameters.
The main input parameters that were considered to influence fabric shrinkage percentage
were yarn count, construction of fabric (EPI, PPI), weave structure, the percentage content
of spandex in the fabric, and the on-loom width. These factors have a significant effect on
shrinkage percentage, which is predicted through the ANN model. The network prediction
correlates well with the actual experimental results. The prediction of fabric qualities
from constructional parameters has some uncertainty. The shrinkage properties are highly
correlated with the weave structure of the fabric. The network projected opposing trends
in a few cases, which are difficult to explain. However, the model prediction accuracy on
training data reached 99.2%; therefore, using ANN is effective for numerical prediction of
fabric parameters and determination of shrinkage percentage.
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Abstract: This study analyzed what design elements are attractive to consumers of denim fabric prod-
ucts. A questionnaire survey was used to investigate the brands and design elements that consumers
prefer. Subsequently, the degree to which participating consumers liked the five design elements
(traditional, transformative, pattern, multi-material, and decorative designs), fast fashion brands, and
luxury brands were used as explanatory variables to determine the consumers’ willingness to pay. A
multiple regression analysis was performed on these variables. The results indicated that consumers
who preferred traditional and transformative designs showed a positive effect on their willingness to
pay for denim fabric products. Therefore, these elements could be attractive design elements that
may command a high price point in new product planning proposals. Moreover, depending on the
type of brand preferred by consumers, the impact of design elements on their purchase intention of
denim fabric products has different consequences. This study analyzes the design elements preferred
by consumers and contributes to the creation of design proposals by designers and apparel firms.

Keywords: denim fabric products; product design; luxury brand; fast fashion brand; fashion design

1. Introduction

Textiles are constantly evolving, with new types of textiles being developed recently [1–3].
The materials used in such textiles have also evolved [4], but traditional fabrics, such as
denim, still endure. In the denim fabric product market, design is constantly evolving.
Denim fabric products that were originally worn as work clothes have now been trans-
formed into fashion products worn by a variety of consumers [5]. The determinants of
consumers’ intention to purchase denim fabric products are diversifying [6]. In addition to
the quality aspects that consumers value [7], the aspects of design and aesthetic appeal are
also complex [6]. The innovative and stylish features of denim fabric products underscore
the importance of creative excellence in their development [8], and the competitiveness in
this market has steadily increased over the last 50 years [5].

The denim fabric product market has established itself as a fashion product mar-
ket, emphasizing the importance of creativity, although appropriate design elements for
consumers are unclear [8]. Design is defined by three dimensions: product aesthetics,
functionality, and symbolism [9,10]. Consumers are increasingly making brand choices
based on products’ aesthetic and symbolic value [11]. Functionality is also important in
design [12]. Based on these three dimensions, we selected five elements: (1) traditional
design (functionality), (2) transformative design (aesthetic), (3) pattern design (aesthetic),
(4) multi-material design (aesthetic), and (5) decorative design (symbolism).

In addition to these five design elements (traditional, transformative, pattern, multi-
material, and decorative designs), we focused on two brand types: fast fashion and luxury
brands which have contrasting price ranges. We aimed to verify the influence of these
five design elements and two brand types on consumers’ willingness to pay (WTP) for
denim products. WTP is effective in measuring the direct product value of the consumer
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market [13]. We attempted to answer the following research question: “What kind of
product design is attractive to what kind of consumers in the denim fabric product market,
or can be attractive?” Thus, the purpose of this study is to clarify to consumers the design
elements suitable for denim fabric products.

The novelty of this study lies in its examination of the impact of design elements on
consumers’ WTP. Regarding consumers’ WTP, Rahman’s [14] study examined the impact
of garment fit, body image, and appropriateness on consumers’ purchase desire for jeans.
In addition, Card et al. [15] examined the impact of laundering on the physical properties
of denim to facilitate the design of denim garments to meet consumer needs. However, the
impact of design elements on purchase desire has not been studied. Thus, this study fills a
gap in research on the impact of design elements on consumers’ purchase desires.

1.1. Hypothesis

We hypothesized the impact of consumers’ preference for the five elements on their
WTP for denim fabric products. In addition, consumers’ favorite brands may affect their
purchasing intention. Thus, we hypothesized the impact of consumers’ preference for fast
fashion or luxury brands and the five design elements mentioned above on their WTP for
denim fabric products.

1.1.1. Traditional Design

Traditional design refers to maintaining the original design. Since the latter half of the
20th century, we have witnessed a vintage boom of denim fabric products [16]. Other factors
in these vintage trends are changing values and the inclusion of vintage inspiration used
by fashion designers in current designs [17]. These factors allow consumers to purchase
the original reproductions of denim fabric products [5]. Thus, denim fabric products
may influence consumers’ purchasing intentions by adopting traditional design elements.
Therefore, we proposed the following hypothesis:

H1a: Consumers who prefer traditional design elements show high WTP for denim fabric products.

1.1.2. Transformative Design

Transformative design refers to an unconventional design structure. “Transformative”
refers to changing the shape or structure to something else without losing the substance [18].
Traditionally, denim’s toughness and comfort were incompatible, but breakthrough innova-
tions, such as washing and developing technology for commercialization, have managed
to change the equation [15,19]. In addition, designers of luxury fashion brands have made
developments to bring out the aesthetic appeal of unique fabrics [5]. Therefore, denim fab-
ric products may influence consumers’ purchasing intentions by adopting transformative
design elements. Therefore, we proposed the following hypothesis:

H1b: Consumers who prefer transformative design elements show high WTP for denim fabric products.

1.1.3. Pattern Design

Pattern design refers to the application of a pattern. The use of certain patterns im-
proves the appearance of a product for its aesthetic appeal [20,21]. With the improvement in
aesthetic appeal and the icon of a brand, pattern design has come to be evaluated as a major
factor influencing the purchasing motivation of current consumers [21]. Therefore, the
adoption of pattern design in denim fabric products may influence consumers’ purchasing
intentions. Therefore, we proposed the following hypothesis:

H1c: Consumers who prefer pattern design elements show high WTP for denim fabric products.
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1.1.4. Multi-Material Design

Multi-material design refers to the combination of various materials. The multi-
material design of denim fabric products incorporates fabrics other than denim. In the
fashion context, multi-material is positioned as a means to develop new designs [22]. Denim
fabric products maintain their original uniqueness and expand the range of fashion designs
by embodying combinations with new fabrics [23]. The adoption of a multi-material design
in denim fabric products may influence consumers’ purchasing intentions. Therefore, we
proposed the following hypothesis:

H1d: Consumers who prefer multi-material design elements show high WTP for denim fabric products.

1.1.5. Decorative Design

Decorative design refers to adding decorations, such as embroidery and prints. Con-
sumers’ self-expression and personal fashion appeal became more important as designers
began creating denim fabric products as fashion products [14]. Therefore, consumers add
decorative design elements to their denim fabric products that are also worn as a form
of self-expression. As a result, decorative design has come to be positioned by various
designers as a means to expand and disrupt the market. Denim fabric products have
been developed by consumers and designers through the addition of decorative designs.
Therefore, the adoption of decorative designs in denim fabric products may enhance the
product value to consumers. Therefore, we proposed the following hypothesis:

H1e: Consumers who prefer decorative design elements show high WTP for denim fabric products.

1.1.6. Fast Fashion Brands

Fast fashion brands capture the latest consumer trends by combining rapid response
production capabilities with enhanced product design capabilities [24]. Trendy design,
consistent quality, quick delivery, and fast arrival to the market have been made possible
by the following features: low cost due to mass production, an increased number of fashion
seasons, and structural changes [25]. The design, abundant choices, and affordability
offered by fast fashion brands are factors that drive consumers to buy their products [26].
Hence, fast fashion brands propose attractive products to consumers. Moreover, their
products are reasonably priced. When purchasing denim fabric products, consumers’ pref-
erences for fast fashion brands may affect their WTP. Therefore, the following hypotheses
were proposed:

H2a: Consumers who prefer traditional design elements and fast fashion brands decrease their WTP
for denim fabric products.

H2b: Consumers who prefer transformative design elements and fast fashion brands decrease their
WTP for denim fabric products.

H2c: Consumers who prefer pattern design elements and fast fashion brands decrease their WTP for
denim fabric products.

H2d: Consumers who prefer multi-material design elements and fast fashion brands decrease their
WTP for denim fabric products.

H2e: Consumers who prefer decorative design elements and fast fashion brands decrease their WTP
for denim fabric products.

1.1.7. Luxury Brands

Luxury brands are the opposite of fast fashion brands in terms of their price, creative
design, and product value. Luxury brands propose designer-driven designs, unlike the
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consumer-driven designs of fast fashion brands [27]. Luxury brands propose to consumers
the styles of modernity, eccentricity, luxury, elitism, and strength through their unique
design, variety of materials, and advanced technology [28]. Such styles proposed by luxury
brands motivate consumers to purchase their products [29,30]. In addition, luxury brands
have a significant impact on consumers’ WTP in terms of practical fashion lifestyle and
perceived practical value [31]. Hence, by proposing original and creative designs from
designers to consumers at a high price point, luxury fashion brands will increase consumers’
WTP. When purchasing denim fabric products, consumers’ preferences for luxury brands
may affect their WTP. Therefore, the following hypotheses were proposed:

H3a: Consumers who prefer traditional design elements and luxury brands increase their WTP for
denim fabric products.

H3b: Consumers who prefer transformative design elements and luxury brands increase their WTP
for denim fabric products.

H3c: Consumers who prefer pattern design elements and luxury brands increase their WTP for
denim fabric products.

H3d: Consumers who prefer multi-material design elements and luxury brands increase their WTP
for denim fabric products.

H3e: Consumers who prefer decorative design elements and luxury brands increase their WTP for
denim fabric products.

2. Materials and Methods

In this study, we conducted a multiple regression analysis using the dataset of an
original questionnaire survey. The dependent variable is the extent of WTP for denim
fabric products. The explanatory variables are the design elements and brands preferred
by consumers and their interaction terms. The analytical model is shown in Figure 1.

Figure 1. Analytical Model.
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2.1. Questionnaire Summary

In this study, we conducted an online questionnaire survey. After creating the ques-
tionnaire, we asked Macromill, one of Japan’s largest survey companies, to collect responses
to the questionnaire. The sampling was random, with one condition that participants had
to be 20 years or older. A screening process was developed, as described in Section 2.2.
This survey was conducted over a period of four days, starting from 16 November 2021.
While there are studies in the fashion industry that are specific to one country, or even one
city [32], we selected the Japanese market for this study. In addition to consumer product
value, technological innovations related to denim fabric products have become highly
valued in Japan. Furthermore, various products have become increasingly widespread.
Thus, we believe that the Japanese market is an appropriate research context.

Cochran’s sample size formula was used to calculate the minimum sample data to
ensure the reliability of the results [33]. The calculations were performed as follows: Based
on Japan’s Bureau of Statistics, the estimated number of people over 20 years of age in
Japan in November 2021 was approximately 104.75 million [34]. Thereafter, reliability
was set at 95%, the allowable error was set to be 5%, and the response rate was set to be
50%. Calculating all these factors suggested that a sample size of 384 people was required.
To ensure sufficient sample size, the desired sample size was set to be 800, which was
approximately twice as large as 384. Finally, 1107 participant responses were collected.
Therefore, the sample size of this study was sufficient.

2.2. Questionnaire Design
2.2.1. Sampling

As this study is an analysis of the denim fabric product market, the desired respon-
dents should be consumers who prefer buying denim fabric products. Therefore, the
following screening questions were developed. For the first screening question, we asked
about the total amount of money spent annually on clothing to confirm the degree of
fashion consciousness in everyday life. To target fashion-loving consumers, we recruited
consumers who chose “50,000 JPY” or more, which is higher than the average annual
consumption value of clothing in Japan at 46,709 JPY (2019) [35]. The second screening
question concerned how much consumers liked denim fabric products. Using a 7-point
Likert scale, ranging from “extremely dislike” to “extremely like,” we selected consumers
who chose “moderately like,” “like,” and “extremely like.” In the third screening question,
we asked how strongly consumers’ fashion consciousness was. Using a 7-point Likert scale,
ranging from “extremely weak” to “ extremely strong,” we selected consumers who chose
“moderately strong,” “strong,” and “extremely strong.” Only respondents who passed the
three screening questions were allowed to proceed with the questionnaire.

From the 1107 respondents, 407 (36.8%) were males and 700 (63.2%) were females.
The respondents were divided into three categories according to their annual household
income. A total of 427 respondents (38.6% of all participating consumers) had an annual
income of less than 6 million JPY. A total of 393 respondents (35.5%) had an annual income
of 6 million JPY or more but less than 12 million JPY, 126 (11.3%) respondents had an
annual income of 12 million JPY or more, and 161 respondents (14.5%) did not answer the
income question. The missing data were not a problem as annual income data were not
used in the analysis. In addition, 508 participants were single (45.9%) and 599 were married
(54.1%). This information was collected from the registration information in Macromill’s
questionnaire monitor.

After removing ineligible responses, the number of eligible respondents was reduced
from 1107 to 1077. Therefore, the number of respondents whose responses were used in
this study was 1077. The excluded conditions were as follows:

• (As shown in the Section on Survey Contents) The data on the purchase price per
denim fabric product, as the dependent variable, were collected as a multiple -choice
question. Respondents who selected “more,” which could not be quantified, were
excluded. Additionally, after confirming the distribution of responses after the loga-
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rithmic conversion, we confirmed that the distribution was biased. Since this bias in
the distribution would cause a bias in the statistical results, respondents who chose
higher than 100,000 JPY were excluded as outliers.

• A Likert scale and binary variables were used in the questionnaire. Respondents who
answered with the same number to all questionnaire items were excluded.

• No age limit was set for the respondents in the questionnaire; however, on one
questionnaire, the participant’s age was stated as 99 years old. We assumed that
leaving such response in the dataset would impact the reliability of the answers.
Therefore, we set the limit as 65 years for the respondents because it is the general
retirement age in Japan. Respondents above this age were excluded.

2.2.2. Major Survey Contents

The respondents who passed the screening were asked the following questions: First,
regarding the WTP for denim fabric products, the respondents were asked the average
amount of money spent per piece of denim fabric product. The WTP for denim fabric
products was obtained as the average purchase price per denim fabric product. The choices
were as follows:

1. 1000; 2. 2000; 3. 3000; 4. 5000; 5. 7000; 6. 10,000; 7. 20,000; 8. 30,000; 9. 50,000; 10.
100,000; 11. 200,000; 12. 500,000; 13. 1,000,000; 14. More.

Subsequently, a multiple-choice question on what brand or maker the respondents
would like to purchase products that use denim fabric from was asked. Specific brand
names were presented along with the brand type to determine whether consumers preferred
each brand type. We asked about each brand type with two choices, “agree (like)” or
“disagree (dislike) “. In addition to fast fashion brands and luxury brands, we asked
questions on other brand types which were treated as the control variables in the analysis.
Table 1 shows the questions regarding preference on the two types of fashion brands (fast
fashion and luxury brands).

Table 1. Questions Regarding Preference on Fashion Brands.

Fast Fashion Brands You like fast fashion brands (H&M, ZARA, UNIQLO, etc.) and often buy their products.
Luxury Brands You like luxury brands (Gucci, Louis Vuitton, etc.) and often buy their products.

Finally, six questions were asked regarding clothing design preferences (the five design
elements, and not limited to denim fabric products). Questions pertaining to all five design
elements were answered using a five-point Likert scale (not applicable at all, not very
applicable, neither, a little applicable, or very applicable). The specific contents of the
questions are listed in Table 2.

Table 2. Questions Regarding the Five Design Elements.

Questionnaire Items Questionnaire Contents

Traditional 1 You often buy products that maintain the old design.
Traditional 2 You like to buy replicas and reprinted brands.
Traditional 3 You share reprinted or old designs with others.
Traditional 4 You feel an attraction to products that the old design is maintained.
Traditional 5 You are someone who has knowledge of the old design.
Traditional 6 You like to search old designs in magazines and books.

Transformative 1 You prefer products that are not the same shape as others.
Transformative 2 You often buy unusual products or products that have never been seen before.
Transformative 3 You like eccentric products rather than simple ones.
Transformative 4 You find seemingly unusual products attractive.
Transformative 5 You prefer to wear something that does not match with that worn by others.
Transformative 6 When you see a seemingly unusual design in a collection or a magazine, you find it attractive.
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Table 2. Cont.

Questionnaire Items Questionnaire Contents

Pattern 1 You usually use patterned clothes.
Pattern 2 You like to buy products that have ethnic patterns.
Pattern 3 You prefer patterned products over simple products.
Pattern 4 You find products with original patterns and unique patterns attractive.
Pattern 5 You feel that the products that have patterns in every detail are highly valued.
Pattern 6 You like to put patterns in daily coordination.

Multi-Material 1 You like products that use multiple fabrics in one product.
Multi-Material 2 You often buy products with multiple different colors depending on the fabric.
Multi-Material 3 You like products that look different depending on the angle.
Multi-Material 4 You find a design created via a combination of fabrics attractive.
Multi-Material 5 You pay attention to the products that combine different fabrics.
Multi-Material 6 Many products that you chose for everyday wear use multiple fabrics.

Decorative 1 You like clothes with print designs and often buy them.
Decorative 2 You often wear products with an emblem.
Decorative 3 You prefer products with decorations (prints, patches, etc.) over simple designs.
Decorative 4 You often buy products that show the brand logo.
Decorative 5 You like to observe the decoration of clothing.
Decorative 6 The clothes you wear are often decorated.

2.3. Statistical Analysis
2.3.1. Dependent Variable

The dependent variable used was the average purchase price of denim fabric products,
which was collected as a multiple-choice question, as described in the Section above.
However, because the distribution did not have a bell shape, a natural logarithm conversion
was used in the analysis following the correction of the distribution.

2.3.2. Explanatory Variables

Based on the factor analysis, we extracted the factors related to the degree to which
the consumers liked the five design elements. The results are shown in Table 3. The
average variance extracted via factor analysis confirmed the values of 0.5 or higher for the
five design elements [36]. Regarding composite reliability, values of 0.6 or higher were
confirmed for the five design elements [37]. The Cronbach’s α was also confirmed to be
0.7 or higher for the five design elements [38]. Therefore, all the factors were reliable.

Table 3. Factor Analysis Results.

Questionnaire Items Traditional
Design

Transformative
Design

Pattern
Design

Multi-Material
Design

Decorative
Design

Traditional 1 0.76
Traditional 2 0.86
Traditional 3 0.83
Traditional 4 0.80
Traditional 5 0.82
Traditional 6 0.85

Transformative 1 0.73
Transformative 2 0.84
Transformative 3 0.78
Transformative 4 0.86
Transformative 5 0.78
Transformative 6 0.79
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Table 3. Cont.

Questionnaire Items Traditional
Design

Transformative
Design

Pattern
Design

Multi-Material
Design

Decorative
Design

Pattern 1 0.66
Pattern 2 0.65
Pattern 3 0.82
Pattern 4 0.85
Pattern 5 0.79
Pattern 6 0.83

Multi-Material 1 0.84
Multi-Material 2 0.81
Multi-Material 3 0.81
Multi-Material 4 0.82
Multi-Material 5 0.87
Multi-Material 6 0.83

Decorative 1 0.78
Decorative 2 0.79
Decorative 3 0.87
Decorative 4 0.65
Decorative 5 0.61
Decorative 6 0.82

Average Variance Extracted 0.67 0.64 0.59 0.69 0.58
Composite Reliability 0.93 0.91 0.90 0.93 0.89

Cronbach’s α 0.93 0.91 0.89 0.93 0.89

For H2a to H3e, the degree of preference for the five design elements and the interac-
tion term for the consumers who preferred fast fashion and luxury brands were used as the
explanatory variables.

2.3.3. Control Variables

In addition to the explanatory variables, control variables that might contribute to the
dependent variable were selected.

Selected Shop Brands: The analytical results could be distorted if consumers were
more likely to prefer selected shop brands. Therefore, we created a dummy variable related
to selected shop brands with a binary response: 1 if respondents liked selected shop brands
and 0 if they did not.

Casual Brands: The analytical results could be distorted if consumers were more
likely to prefer casual brands. Therefore, we created a dummy variable related to casual
brands with a binary response: 1 if respondents liked casual brands and 0 if they did not.

Gender: Gender carries different values for denim fabric products, which could affect
the results of the analysis. We created a binary gender variable with 1 for men and 0
for women.

Age: Age has different values for denim fabric products, which could affect the results
of the analysis. Age was calculated and answered numerically. After conversion to a
natural logarithm, it was used as a control variable.

Annual Purchase of Clothes: The annual purchase of clothes by consumers might
distort the results of the analysis. Therefore, we created a variable related to annual pur-
chase of clothes, and the respondents answered the question numerically. After conversion
to a natural logarithm, this was used as a control variable.

2.3.4. Empirical Specifications

In this study, multiple regression analysis was conducted. The analytical model is
shown in Figure 1. In the interaction related to fast fashion and luxury brands, the problem
of multicollinearity appeared when the analysis was conducted in parallel. Therefore, the
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analysis was conducted separately. In separate models, the mean variance inflation factor
(VIF) in H1a to H1e was 1.36, with the maximum VIF being 1.85; the mean VIF in H2a to
H2e was 2.40, with the maximum VIF being 4.51; and the mean VIF in H3a to H3e was 1.73,
with the maximum VIF being 2.99 (the VIF empirical rule indicate that VIF values above 5
or 10 are multicollinear) [39]. Therefore, we confirmed that there was no multicollinearity
problem. In addition, the Breusch–Pagan test was conducted to confirm the presence
or absence of heterogeneity. All models had p-values of less than 0.05. Therefore, the
Newey–West test was performed and modified.

3. Results

Table 4 shows the results of the analysis of Hypotheses H1a to H1e. Table 5 shows the
analytical results, including the interaction terms between the variables related to the five
design elements and that of fast fashion brands, in accordance with H2a to H2e. Table 6
shows the analytical results, including the interaction terms between the variables related
to the five design elements and that of luxury brands, in accordance with H3a to H3e.

Table 4. Results of the Basic Analysis without Interaction Terms.

Full Model Stepwise

Coefficient Standard Error Coefficient Standard Error

Traditional Design 0.07 ** 0.02 0.07 ** 0.02
Transformative Design 0.05 * 0.03 0.06 * 0.02
Pattern Design −0.04 † 0.03 −0.05 * 0.02
Multi-Material Design 0.02 0.03
Decorative Design −0.03 0.03

Gender 0.20 ** 0.04 0.20 ** 0.04
Age 0.00 0.06
Annual Purchase of Clothes 0.30 ** 0.03 0.30 ** 0.03
Fast Fashion Brands −0.42 ** 0.04 −0.40 ** 0.04
Selected Shop Brands 0.22 ** 0.04 0.23 ** 0.04
Casual Brands 0.02 0.04
Luxury Brands 0.29 ** 0.07 0.29 ** 0.09

Constant 5.68 ** 0.40 5.67 ** 0.33

Adjusted R-squared 0.32 0.33

** p < 0.01, * p < 0.05, † p < 0.1.

Table 5. Results of the Analysis with the Interaction Terms of Fast Fashion.

Full Model Stepwise

Coefficient Standard Error Coefficient Standard Error

Traditional Design 0.11 ** 0.03 0.12 ** 0.04
Traditional Design × Fast Fashion Brands −0.07 † 0.04 −0.08 * 0.04
Transformative Design 0.07 † 0.04 0.06 * 0.02
Transformative Design × Fast Fashion Brands −0.03 0.05
Pattern Design −0.07 0.05 −0.04 0.03
Pattern Design × Fast Fashion Brands 0.04 0.05
Multi-Material Design 0.05 0.05
Multi-Material Design × Fast Fashion Brands −0.05 0.06
Decorative Design −0.09 * 0.04 −0.08 * 0.04
Decorative Design × Fast Fashion Brands 0.11 * 0.05 0.10 * 0.04

Gender 0.20 ** 0.04 0.20 ** 0.04
Age 0.00 0.06
Annual Purchase of Clothes 0.29 ** 0.03 0.30 ** 0.03
Fast Fashion Brands −0.41 ** 0.04 −0.41 ** 0.04
Selected Shop Brands 0.23 ** 0.04 0.23 ** 0.04
Casual Brands 0.01 0.04
Luxury Brands 0.29 ** 0.07 0.30 ** 0.07

Constant 5.66 ** 0.40 5.65 ** 0.33

Adjusted R-squared 0.33 0.33

** p < 0.01, * p < 0.05, † p < 0.10.
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Table 6. Results of the Analysis with the Interaction Terms of Luxury Brands.

Full Model Stepwise

Coefficient Standard Error Coefficient Standard Error

Traditional Design 0.09 ** 0.02 0.09 ** 0.02
Traditional Design × Luxury Brands −0.37 ** 0.09 −0.34 ** 0.08
Transformative Design 0.05 † 0.03 0.05 † 0.02
Transformative Design × Luxury Brands 0.22 † 0.12 0.27 ** 0.10
Pattern Design −0.05 † 0.03 −0.05 * 0.02
Pattern Design × Luxury Brands 0.10 0.12
Multi-Material Design 0.02 0.03
Multi-Material Design × Luxury Brands 0.00 0.11
Decorative Design −0.03 0.03
Decorative Design × Luxury Brands −0.02 0.10

Gender 0.20 ** 0.04 0.19 ** 0.04
Age 0.00 0.06
Annual Purchase of Clothes 0.29 ** 0.03 0.29 ** 0.03
Fast Fashion Brands −0.41 ** 0.04 −0.40 ** 0.04
Selected Shop Brands 0.23 ** 0.04 0.23 ** 0.04
Casual Brands 0.03 0.04
Luxury Brands 0.41 ** 0.09 0.40 ** 0.08

Constant 5.73 ** 0.39 5.70 ** 0.32

Adjusted R-squared 0.33 0.34

** p < 0.01, * p < 0.05, † p < 0.10.

3.1. Results of the Basic Analysis without Interaction

Table 4 shows the analytical results for H1a to H1e. The stepwise determination
coefficient was 0.33. Consequently, significant positive effects were confirmed for the two
variables of traditional design (p < 0.01) and transformative design (p < 0.05). Therefore,
H1a and H1b were supported. H1c was not supported because pattern design (p < 0.05)
was confirmed to have a significant negative effect. Multi-material and decorative designs
were removed as non-significant variables. Thus, H1d and H1e were not supported.

3.2. Results of the Analysis with the Interaction Term of Fast Fashion

Table 5 presents the analytical results for H2a to H2e. The coefficient of determination
for the stepwise method was 0.33. H2a was supported because the interaction term between
traditional design and fast fashion brands (p < 0.05) was confirmed to have a significant
negative effect. Other hypotheses (H2b, H2c, H2d, and H2e) were not supported.

3.3. Results of the Analysis with the Interaction Term of Luxury Brands

Table 6 presents the analysis results for H3a to H3e. The determination coefficient for
the stepwise method was 0.34. The interaction term between transformative design and
luxury brands (p < 0.01) confirmed a significant positive effect. Consequently, H3b was
supported. Other hypotheses (H3a, H3c, H3d, and H3e) were not supported.

4. Discussion

In this study, we suggested that the individuality and characteristics of each brand
might affect the design elements. We analyzed two brand categories and set the interaction
terms. Based on the basic analysis shown in Table 4, we compared the analytical results of
the interaction terms for each brand. In addition, we considered the impact of preferred
design elements on consumers. Finally, we interpreted the results of the hypotheses.

4.1. Discussion of the Basic Analysis

In the basic analysis (Table 4), traditional and transformative designs were confirmed
to have significant positive effects. However, pattern design showed a significant negative
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effect. Denim fabric products are transformed into something of value in the market by
designers who understand and interpret products related to tradition [5]. When it comes to
denim fabric products, paying attention to history and tradition is necessary, even when
devising a new design. Consumers who prefer traditional design have a high WTP for
denim fabric products. Traditional design may contribute to the development of effective
design elements for new product planning proposals.

The innovative features of transformative design depend on a well-formed silhouette.
Hence, this does not become an obstacle for denim fabric, which is regarded as attractive.
Design elements are valued because they provide consumers with attractive product
value [8,40,41]. However, denim fabric, which is attractive for its originality, may be
hindered by “color,” “processing,” and “decoration.” Accordingly, consumers who prefer
transformative design have a high WTP for denim fabric products. Thus, designers can
propose attractive products by including innovative designs in new product planning.

Denim fabric products have a wide range of designs in the fabric itself [8]. Therefore,
the direction in which the original fabric design improves the appearance of the product
without applying any additional design has been considered. Pattern design aims to
improve the attractiveness of a product by adding decoration to the fabric [21]. However,
as mentioned, denim fabric products depend on the attractiveness of the fabric because of
its aesthetic appeal. Fabric processing can bring out denim’s decadence and “atmosphere”,
improving the design. Hence, a preference for pattern design has a negative impact on
consumers’ WTP for denim fabric products.

4.2. Discussion of the Analysis with Fast Fashion Brands

The two variables that provided significant results in the analysis of the interaction
term of fast fashion brands were traditional and decorative designs.

Consumers who prefer traditional design demonstrate a negative effect on their WTP
for denim fabric products when they prefer fast fashion brands. The price range of a
traditional design element is high because the design fully utilizes the advanced technology
required by consumers [16]. Traditional design is a source of new insights on fashion
today [42,43], and fashion-loving consumers also influence the visual perception of these
designs [21,44]. Thus, consumers who prefer fast fashion brands may be aware of superficial
functional design; however, they do not have an attractive perception of the high quality
required for traditional design elements.

Consumers who prefer fast fashion brands and decorative design show a positive
effect on their WTP for denim fabric products. Consumers can quickly recognize the value
of new design elements proposed by fast fashion brands [45]. In addition, they can purchase
products at an affordable price [45]. This may be due to the fact that young consumers,
who have a relatively low WTP, tend to prefer decorative design, which follows the trend.
Therefore, decorative denim fabric products proposed by fast fashion brands, which can be
purchased at an affordable price, may be effective as a means to increase their WTP. Fast
fashion brands also recognize trends and continuously respond to consumer demand [46].
Therefore, a decorative design for denim fabric products could increase consumers’ WTP
by reflecting current fashion design preferred by consumers.

4.3. Discussion of the Analysis with Luxury Brands

The two variables that provided significant results in the analysis of the interaction
term of luxury brands were traditional and transformative designs.

Consumers who prefer traditional design and luxury brands show a negative effect
on their WTP for denim fabric products. The role of creativity in the luxury brand industry
is to explore the product designs that disrupt existing value over time [47,48]. Consumers
who prefer luxury brands are attracted to the creativity of designers, influencing their
willingness to buy denim fabric products [32]. Traditional design tends to demand high-
quality and faithful reproductions that consumers demand in contrast to the creative design
of luxury brands [5,16]. Consumers who prefer luxury brands may discover the attractive
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value of creative and new products and choose to purchase them. Therefore, traditional
design may differ from the needs of consumers who prefer luxury brands, which deal with
attractive products driven by designers.

Consumers who prefer transformative design and luxury brands have more WTP
for denim fabric products than those who do not. The transformative design element is
evaluated as an element that increases the WTP for denim fabric products. However, it
could increase the WTP for denim fabric products when targeting consumers who prefer
luxury brands. Transformative design is a means of creative design invention, adding
“new” value to products [18]. Consumers are influenced by the visual appeal to the shape
of a new form of fashion devised by luxury brands [41,49]. Therefore, transformative
design, as devised by designers of denim fabric products, could provide attractive value
to consumers. Regarding luxury brands, a transformative design element is important to
increase the WTP for denim fabric products.

5. Conclusions

Several studies have examined how to increase customers’ purchasing intentions of
denim products [14,15]. The novelty of this study lies in its examination of the impact
of design elements on consumers’ WTP for denim fashion products. This study fills a
gap in research on the impact of the design elements of fashion products on consumers’
WTP. This study targets the denim fabric market and confirms that consumers who prefer
traditional and transformative designs positively show a high WTP for denim fabric
products. Therefore, these elements may be attractive design elements that can be highly
priced in new product planning proposals.

We also analyzed how the WTP for denim fabric products is affected by the preference
for fast fashion brands and luxury brands. Consumers who prefer fast fashion brands
demonstrate a negative effect on their WTP for denim fabric products if they prefer tradi-
tional designs. However, if they prefer a decorative design, it has a positive effect on their
WTP. Consumers who prefer luxury brands show a negative effect on their WTP for denim
fabric products if they prefer traditional designs. However, if they prefer a transformative
design, it has a more positive effect on their WTP. Thus, it is possible to increase consumers’
WTP for denim fabric products by appropriately judging the characteristics preferred
by consumers.

5.1. Theorical Implications

Consumers’ own self-expression and personal fashion appeal are emphasized in
denim fabric products [8,50–52]. In addition, as the determinants of consumers’ intention
to purchase denim jeans diversify, design items have also become complex [6]. In this study,
we examined the design elements that consumers like, analyzed what kind of denim fabric
products would be attractive, and contributed to research on product designs for denim
fabric products. In addition, consumer interests could be related to the choice of brand
category, and the contribution to purchase motivation depends on the characteristics of
fashion brands that consumers like.

5.2. Practical Implications

Consumers who are targeted by the denim fabric product market and prefer tradi-
tional and transformative designs could show a high WTP for denim fabric products.
Therefore, these elements may be attractive design elements that can be highly priced
in new product planning proposals. Consumers who prefer pattern design may have a
lower WTP for denim fabric products. The results of this study suggest that designers can
propose attractive denim fabric products that are highly priced by incorporating traditional
and transformative designs. However, with regard to low-priced brands, such as fast
fashion brands—which appeal to consumer needs—and high-priced brands, such as luxury
brands—where designers devise new designs—traditional design could not influence con-
sumers’ WTP. Transformative design can lead to a high WTP among consumers who are
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visually attracted to the creation of new designs, such as luxury brand designs. Decorative
design could contribute to the WTP for denim fabric products by devising designs that
appeal to the needs of consumers.

5.3. Limitations and Future Research

This study has some limitations. First, not all apparel products might have simi-
lar results, as we only analyzed the denim fabric product market. Therefore, different
suggestions may be confirmed through a market analysis of different products.

Second, the questionnaire data for this study were obtained from the Japanese market.
Although there are previous studies in the fashion industry that are specific to one country,
or even one city [16,32], we must note the limitation in the acquired results from the
data sample. Similar to the cultural differences among countries, consumers’ preferences
for design elements in fashion products could be different. Therefore, different findings
and implications could be obtained if future studies conduct further investigations in
other countries.

Third, other design elements in the denim fabric market could be suggested. Since the
theory of design is extremely broad, it is possible to investigate new design innovations by
exploring possible design elements other than those addressed in this study.

Finally, this study focused on two styles of brands: fast fashion and luxury brands.
Since there are brands other than fast fashion and luxury brands that handle denim fabric
products, conducting a survey that includes other brand categories could be made available.
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