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Abstract: Surface coating and thin film formation processes are critical stages determining product performance
across numerous industries, including coatings, textiles, electronics, and biomedicine. Although classical
coating theories are generally established upon Newtonian fluids with constant viscosity, some of the modern
industrial inks, polymeric solutions, and suspensions exhibit rheological behaviors that deviate from Newtonian
characteristics. Particularly, many coating materials used in the textile sector fall into the category of non-
Newtonian fluids. However, this theoretical foundation is not sufficiently taken into account in industrial textile
coating processes. Applications in industrial production are generally carried out based solely on initial
viscosity measurements and process conditions. The extent to which operating conditions change the rheological
properties of the fluid throughout the process is also vital for coating processes. This study reviews the effects
of non-Newtonian fluids on the coating processes of textile substrates through rheological models and
application cases. Within the scope of the study, the effects of parameters such as shear rate, temperature and
pressure on viscosity were initially analyzed, and the viscosity variation of non-Newtonian fluids is modeled on
the basis of the Power Law model. Research indicates that static viscosity values alone are insufficient for
optimizing coating quality,; instead, the rheological responses at application-specific shear rates must be
accurately modeled. In this context, this study moves beyond traditional 'initial viscosity' measurements,
presenting a roadmap for a rheological modeling-based optimization approach.

Key words: textile, coating, rheology, non-newtonian fluids, shear rate.

1. INTRODUCTION

Surface coating and thin film formation constitute dynamic processes that determine the final
properties of a material. Therefore, a detailed investigation of the rheological models of the fluids used
in these applications is of great importance. A wide range of fluids with distinct rheological behaviors
are utilized in textile coating applications. Over the past years, research on shear-thickening fluid
(STF) coated textiles has progressed from early studies on Kevlar-based fabrics for ballistic protection
to advanced applications in woven structures. The initial phase established STF’s role in high-energy
impact absorption, lateral researches emphasized spacer fabrics, composites, and simulation-based
modeling. The latest studies focused on multifunctional protective textiles, integrating artificial
intelligence-driven performance prediction. This evolution highlights the transition of STF textile
research from defense-oriented applications to broader industrial and high-performance protective
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innovations The success of these processes is directly related to the science of rheology, which
examines the deformation and flow characteristics of the employed fluid. In addition to STFs, various
types of non-Newtonian fluids are also utilized in textile coatings. A thorough analysis of the
rheological behaviors of these fluid types is essential for the standardization of high-quality products
in industrial-scale production.

During coating operations, the fluid is subjected to varying mechanical stresses at different
stages such as pumping, spreading, leveling, and drying. Therefore, defining the relationships among
the fundamental characteristics of the fluid—namely shear rate (y), shear stress (t), and viscosity (1),
which is a measure of resistance to flow—is of critical importance.

2. RHEOLOGICAL BEHAVIOR AND CLASSIFICATION

Fluids are generally classified into two primary categories, Newtonian and non-Newtonian,
based on their response to applied shear stress. In Newtonian fluids, the viscosity remains constant,
being independent of the shear rate. The schematic representation of a Newtonian fluid in laminar flow
between two layers separated by a distance dy is illustrated in Fig. 1. Under steady-state conditions,
when a shear stress is applied to the fluid by a force F, it is balanced by an equal and opposite internal

frictional force within the fluid. The shear stress (g, Tyy) is defined as the product of the shear rate

(—dd—‘;", Yyx) and the viscosity of the fluid medium (p). For Newtonian fluids, this relationship is

mathematically expressed in Equation 1 [1].

F dv
2 =Ty = M (_d_yx) = Wyx (1)

Surface area A
F— _ — dVy

Y

dy

v

Fig. 1: Schematic representation of unidirectional shearing flow

However, the majority of modern coating formulations exhibit non-Newtonian behavior,
giving rise to a more complex rheological response.
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2.1. Dynamic Parameters Influencing Viscosity
In coating processes, viscosity is not solely governed by shear rate; surrounding environment
and time-dependent effects also play a critical role in defining the flow regime:

e Temperature Effects: An increase in temperature reduces intermolecular interaction forces,
resulting in a decrease in viscosity. This temperature—viscosity relationship is commonly
described by the Arrhenius model. Precise temperature control during coating operations is
therefore essential for accurate regulation of film thickness and uniformity.

e Pressure: Although frequently neglected, pressure effects become significant in high-
pressure spraying and extrusion coating processes. Elevated pressure can reduce the available
free volume within the fluid, leading to an increase in viscosity.

e Shear Duration (Time-Dependent Flow Behavior): Certain fluids exhibit time-dependent
viscosity variations even under constant shear conditions. Thixotropy refers to a progressive
decrease in viscosity over time due to microstructural breakdown, whereas rheopexy describes
a time-dependent increase in viscosity resulting from structure buildup. Following coating
application, the thixotropic recovery rate is a critical parameter governing the material’s
ability to rebuild its internal structure and remain adhered to the surface without flowing or

sagging [2].

2.2.Non-Newtonian fluid behaviour

The viscosity of non-Newtonian fluids varies depending on the magnitude or the duration of
the external force applied to the fluid. In contrast to Newtonian fluids, the relationship between shear
rate and shear stress is non-linear; thus, these materials do not adhere to the linear Newtonian Law of
Viscosity. The viscosity of such fluids may exhibit variations that are either time-independent or time-
dependent in nature [1].

2.2.1. Time-independent fluid behaviour

Time-independent fluids are characterized by the fact that the shear rate at any given point is
determined solely by the shear stress at that point. These fluids can be classified into three categories:
shear-thinning (pseudoplastic) fluids, viscoplastic fluids, and shear-thickening (dilatant) fluids.

In shear-thinning (pseudoplastic) fluids, viscosity decreases with increasing shear rate.
However, this behavior may vary at extreme shear rates. Many shear-thinning polymer solutions
exhibit Newtonian behavior at both very low and very high shear rates.

In the case of viscoplastic fluid behavior, materials possess a certain yield stress that must be
exceeded for flow to commence. As long as the applied stress remains below this threshold, the
material does not exhibit fluid-like behavior and instead behaves as a solid body. Once the required
yield stress is exceeded, materials that display a linear flow curve are referred to as Bingham plastics
and are characterized by a constant plastic viscosity. In contrast, materials that do not exhibit a linear
flow relationship beyond the yield point are classified as yield-pseudoplastic materials.

In shear-thickening or dilatant fluid behavior, viscosity increases with increasing shear rate.
Although less commonly encountered than other fluid types, concentrated suspensions of kaolin [3],
metal oxide [4], and cornstarch [5] in water can be given as examples of this category.

The flow curves of fluids exhibiting time-independent behavior are presented in Fig. 2 [1].
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Fig. 2: Time-independent Fluids

2.2.2 Time-dependent fluid behaviour

The flow behavior of many fluids used in industry cannot be described solely on the basis of
shear rate. In materials exhibiting time-dependent flow behavior, viscosity varies as a function of the
duration for which the fluid is subjected to a constant shear. As discussed among the dynamic
parameters influencing viscosity, the decrease in viscosity with increasing duration of shear exposure
is referred to as thixotropy, whereas an increase in viscosity over time is defined as rheopexy [1].

3. MATHEMATICAL MODELS OF VISCOSITY IN NON-NEWTONIAN
FLUIDS

In non-Newtonian fluids, viscosity is not constant and varies as a function of shear rate, shear
stress, and, in some cases, time. To describe this complex behavior, several mathematical models have
been developed. These models aim to capture the relationship between shear stress (1) and shear rate
() under different flow conditions.

One of the most widely used models is the Power-Law (Ostwald—de Waele) model, which
expresses the shear stress—shear rate relationship in Equation (2).

T= Ky" ()

Here, n is referred to as the power-law index (or flow behavior index), while K denotes the
consistency index. For shear-thinning fluids, n < 1, whereas for shear-thickening fluids, n > 1 [6].

4. FORCE BALANCE IN FLUID COATING PROCESSES

The fluid coating process is essentially a fluid in motion. The net force acting upon a given
volume is defined by the rate of change of momentum of the fluid surrounding it at any instantaneous
moment (specifically, the sum of the momentum flux integrated over the entire control surface and
the rate of change of momentum within the volume).

The net force F, acting in the x-direction on a fluid element moving with the velocity of the
fluid is the sum of the force due to the weight of the volume element (body force) F, 5 and the force
resulting from the stresses acting upon it along the x-axis, Fys, as shown in Equation 3. The same
expression is defined for a differential mass element as in Equation 4. Here, u, denotes the velocity
of the fluid element in the x-direction; p is the density of the fluid element; g is the acceleration due
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to gravity; 8 is the angle the fluid element makes with the x-axis; t represents time; and Tyy, Tyy,
T, define the stress components acting in the x-direction [6].

E = Fyp + Fxs 3)

du it 0tyy = Ot
pd—t"zgcosﬁ+(a—)’§"+a—§+a—zx) €))
Determination of Coating Thickness
Coating thickness varies depending on the application method, viscosity, applied force, the
gap distance between the substrate and the applicator, density, and velocity. Taking blade coating as
a representative example, the coating thickness (W) is calculated as shown in Equation 5. Here, h
defines the height between the blade and the surface, n represents the fluid viscosity, o denotes the
surface tension of the fluid, p signifies the fluid density, g is the acceleration due to gravity, and u,
defines the coating velocity.

h 1 (o h3
W =3+ Gt P9)5, )

In blade coating, the coating thickness is fundamentally equivalent to half of the blade gap;
however, an additional minor term is incorporated, which is directly proportional to the surface tension
and the gap width, while remaining inversely proportional to the fluid viscosity and the line speed [6].

5. COATING METHODS ACCORDING TO FLUID PROPERTIES

The application of fluids onto textile surfaces can impart a wide range of functional properties
to the material. These properties vary depending on the type of fluid applied, including coloration,
water repellency, flame retardancy, and antibacterial activity.

Various methods can be employed to coat textile surfaces with different fluids, such as knife
coating, roller coating, dip coating, and spray coating. [6].

5.1. Newtonian Fluids and Textile Coating

In Newtonian fluids, viscosity is independent of the shear rate. More clearly, the fluid
viscosity remains constant throughout the process. It is not affected by the application speed. In the
textile industry, these are generally encountered in low-viscosity solutions, dyes, and simple polymeric
finishes. Application is generally performed using well known dip coating method at foulards, as
illustrated in Figure 3.
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Fig. 3: Application example of dip coating

5.2. Shear-Thinning Non-Newtonian Fluids and Textile Coating

In the textile industry, coatings applied using shear-thinning fluids include those based on
polyurethane [7], PVC [8], acrylate [9] and polyacrylamide systems [10].These coatings can be
applied through various coating techniques. Due to the reduction in viscosity with increasing
application rate, such fluids can more readily penetrate into the fabric structure.
Although numerous coating applications utilizing shear-thinning fluids are present in the literature,
very few studies specifically address their rheological behaviors. For instance, in their study, Karim
et al. (2021) examined the utilization of shear-thinning, non-Newtonian xanthan gum solutions
alongside Newtonian polyethylene glycol (PEG) solutions in curtain coating processes, systematically
assessing the resultant coating performance. For the assessment of coating performance, the contact
line, air entrainment, air bubble formation, and heel (buildup) formation were taken into consideration.

While heel formation at low speeds and air entrainment at high speeds were observed in
Newtonian liquids, air entrainment was significantly delayed in non-Newtonian liquids. Heel
formation initiated at lower speeds as the concentration increased (as viscosity rose). The maximum
operable flow rate increased with viscosity. Shear-thinning prevented air entrainment by reducing
viscous bending near the contact line [11].

5.3. Shear-Thickening Non-Newtonian Fluids and Textile Coating

The development of shear-thickening fluid (STF) coated textiles has followed a distinct
trajectory over the past two decades, reflecting both technological advancements and evolving
application demands. In the early phase (2000-2015), research was primarily directed toward Kevlar-
based fabrics and ballistic protection, establishing STF impregnation as a viable strategy for enhancing
energy absorption and mitigating high-energy impacts. This foundational work laid the groundwork
for subsequent investigations into the protective potential of STF-treated textiles. During the middle
phase (2016-2020), the scope of research expanded to include spacer fabrics and composite structures,
with particular emphasis on numerical simulation and performance modeling. These studies provided
deeper insights into the mechanisms of impact resistance and structural stability, thereby broadening
the scientific understanding of STF—textile interactions. In the most recent phase (2021-2026),
attention has shifted toward advanced applications in woven fabrics, integrating artificial intelligence-
driven performance prediction and multifunctional protective capabilities. This progression
underscores the maturation of STF textile research, transitioning from defense-oriented ballistic
studies to versatile industrial and protective fabric innovations that combine mechanical robustness
with adaptive functionality.
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Shear-thickening fluids (STFs) represent advanced colloidal suspensions that enable the
transition of textiles from passive protective materials to dynamic, impact-responsive systems, owing
to their intrinsic capacity to absorb and dissipate mechanical energy. An STF system generally consists
of two main phases:

e Solid Phase (Dispersed Particles): Silica nanoparticles constitute the predominant solid-
phase component in shear-thickening fluid formulations. Additionally, calcium carbonate,
corn starch, or polymer spheres (PMMA) can be utilised. Particle size (generally between 100
nm and 500 nm) and concentration determine the degree of fluid hardening.

e Liquid Phase (Carrier Medium): The liquid phase serves as the dispersing medium for
suspended particles. Polyethylene glycol (PEG) is most commonly employed in textile and
defense-related applications due to its non-volatile nature, thermal stability, and favorable
physicochemical interactions with silica nanoparticles.

Numerous studies in the literature focus on the coating of textile products for defense
applications. Egres et al. (2005) investigated the resistance of shear-thickening fluids (STF) composed
of silica nanoparticles and polyethylene glycol (PEG) specifically against cutting tools. Aramid fabric
was utilized as the substrate in their study. The STF materials were applied to the fabric through a dip-
coating and soaking process, followed by drying. The shear rate of the fluids was kept constant at 20
s~!. Upon completion of the application, the amount of STF on the fabric increased the fabric weight
by 20%. The results of the study indicated an improvement in cut resistance across all fabric samples
[12].

In a study conducted by Yanen et al. (2024), STFs were prepared by dispersing materials such
as silica, silicon carbide, carbon nanotubes, and graphene in PEG, which were then applied to Twaron
fabric using the dip-coating method. Subsequently, ballistic tests were performed on the fabrics.
Fabrics coated with a 5% weight addition exhibited superior performance compared to untreated
fabrics [13].

6. DISCUSSION AND CONCLUSION

There are many processes in the textile industry, such as finishing, functional treatment, dyeing,
printing, and coating, where materials are exposed to and treated with a fluid. Particularly in traditional
textile coating processes, essential information regarding the coating material is limited with fluid’s
viscosity, and it is usually assumed that viscosity remains constant. Many fluids used in coating
processes are non-Newtonian, and their viscosity generally changes during the procedure.

Wheras in shear-thinning processes—where viscosity decreases with movement—process
conditions should be evaluated individually, and standards should be established accordingly for
different operating conditions. Studies on STFs show that application on fabrics is generally performed
using the dip-coating method. Although the increase in viscosity in moving systems brings application
challenges, studies should be conducted to determine optimum application speeds to enhance the
applicability and effects of these materials.

Research on STF-coated textiles is expected to advance toward multifunctional protective
systems that combine mechanical robustness with adaptive responsiveness. Emerging directions of
STF coated textile products include the integration of nanostructured fillers to optimize rheological
behavior, the use of artificial intelligence for predictive modeling of coating performance, and the
development of hybrid textile architectures that enhance flexibility without compromising protection.
Furthermore, future studies are expected to address long-term durability, scalability and the
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environmental sustainability of STF formulations. Transition from laboratory-scale innovations to
widespread industrial applications is another rising expectations to built such novel product platforms
of medical protective gear, sports equipment, and aerospace textiles.

In this context, for coating applications, not only the initial viscosity but also the complete
rheological behavior of fluids must be analyzed according to variable operating parameters such as
temperature, shear rate, and time. These evaluations, based on rheological modeling, are a necessity
for achieving industrial consistency and standardization.

REFERENCES

[1] R. P. Chhabra and J. F. Richardson, Non-Newtonian Flow in the Process Industries:
Fundamentals and Engineering Applications. Butterworth-Heinemann, 1999.

[2] H. A. Barnes, J. F. Hutton, and K. Walters, An Introduction to Rheology, vol. 3. Elsevier,
1989.

[3] E. Hong, C. M. Herbert, A. M. Yenench, and T. K. Sen, "Rheological characteristics of
mixed kaolin—sand slurry, impacts of pH, temperature, solid concentration and kaolin—sand mixing
ratio," International Journal of Environmental Science and Technology, vol. 13, no. 11, pp. 2629—
2638, 2016.

[4] M. Wei, K. Lin, and L. Sun, "Shear thickening fluids and their applications," Materials &
Design, vol. 216, p. 110570, 2022.

[5] E. E. Bischoff White, M. Chellamuthu, and J. P. Rothstein, "Extensional rheology of a
shear-thickening cornstarch and water suspension," Rheologica Acta, vol. 49, no. 2, pp. 119-129,
2010.

[6] A. K. Sen, Coated Textiles: Principles and Applications. CRC Press, 2007.

[7] A. Patti and D. Acierno, "Structure-property relationships of waterborne polyurethane
(WPU) in aqueous formulations," Journal of Vinyl and Additive Technology, vol. 29, no. 4, pp. 589—
606, 2023.

[8]J. H. Eun, M. S. Kim, S. M. Sung, B. K. Choi, I. U. Jang, D. Kim, and J. S. Lee, "Effect
of the viscosity of polyvinyl chloride resin and weaving structures of polyester fabric on the off-axis
mechanical properties of PVC coated fabric," Journal of Industrial Textiles, vol. 51, no. 2_suppl, pp.
28975-29208, 2022.

[9] P. A. Williams, Ed., Handbook of Industrial Water Soluble Polymers. Oxford: Blackwell
Pub., 2007.

[10] F. Davard and D. Dupuis, "Blade coating of fabrics: rheology and fluid penetration,"
Coloration Technology, vol. 118, no. 2, pp. 69—74, 2002.

[11] A. Mohammad Karim, W. J. Suszynski, S. Pujari, L. F. Francis, and M. S. Carvalho,
"Contact line dynamics in curtain coating of non-Newtonian liquids," Physics of Fluids, vol. 33, no.
10, 2021.

[12] R. G. Egres Jr, M. J. Decker, C. J. Halbach, Y. S. Lee, J. E. Kirkwood, J. E. Kirkwood,
et al., "Stab resistance of shear thickening fluid (STF)—Kevlar composites for body armor
applications," in Transformational Science And Technology For The Current And Future Force: (With
CD-ROM), 2006, pp. 264-271.

[13]C. Yanen, M. Y. Solmaz, and E. Aydogmus, "Application of single and multi-solid phase
STFs to Twaron fabrics: evaluation of energy absorption performances," The Journal of The Textile
Institute, vol. 115, no. 12, pp. 2391-2402, 2024.

12



ANNALS OF THE UNIVERSITY OF ORADEA
FASCICLE OF TEXTILES, LEATHERWORK

A BRIEF REVIEW OF DEVELOPMENT OF SENSORS AND
SHIELDING IN MEDICAL REHABILITATION SYSTEMS

BACIU Valentin!, TABARA Octavian-Adrian?

1.2 National Institute for Research and Development for Textiles and Leather
16 Lucretiu Patrascanu Street, Sector 3, 030506, Bucharest, Romania, office@incdtp.ro

Corresponding author: Baciu Valentin, E-mail: valentin.baciu@incdtp.ro

Abstract: The development of wearable devices for medical recovery has led to an increase in interest in sensor
systems capable of continuously monitoring the patient's functional parameters. This aspect has led to the
creation of textile sensors integrated into wearable applications, which are capable of measuring the body’s
vital parameters, which are necessary for identifying various movement stages, such as gait or limb motion, as
well as for the continuous and accurate monitoring of parameters such as pulse rate, or the continuous and
precise verification of values such as those of the pulse. Also, the accuracy of the recorded data can be influenced
by electromagnetic interference from the surrounding electronic environment, which can lead to signal noise and
decrease in the fidelity of the measurements.

Key words: smart textiles, human motion analysis, composite sensor, screens, interference.

1. INTRODUCTION

The increase in the number of strokes has led neuromotor recovery therapies to adopt much
more precise systems for monitoring vital parameters, but also configurations that are included in
wearable applications so that they do not add additional weight or create injuries to the user. In
response to these challenges, these studies focused on sensor systems based on smart textiles or on
systems from the soft robotics industry. The integration of sensors into wearable textile applications
shifted the visual monitoring performed by the medical staff to a continuous, real-time one, where the
systems can provide quantitative information on joint angles [1], strength [2], muscle activity [3] or
compensatory movements developed by the patient during the execution of motor tasks [4].

The development of electromagnetic shielding (EMI shielding) for medical recovery systems
has seen a significant technological advancement in the period 2024-2026. The focus has shifted from
rigid (metal) solutions to flexible, lightweight and biocompatible materials, essential for wearable
monitoring equipment, rehabilitation robots and magnetic/electrical stimulation devices.

Yang et al. [5] analysed shielding materials with multiple functions: self-healing, thermal
management and fire resistance, which are essential for the safety of long-lasting physiotherapy
equipment. Absorption shielding is highlighted, instead of the reflection of waves, an element that
helps reduce the effects of electromagnetic radiation. Xu et al. [6] highlighted the use of conductive
polymers and the key factors that are used in the selection of conductive polymers, the design of
chemical devices and the architecture of devices are highlighted. As materials used, hydrogels,
elastomers and conductive composites are mentioned.
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Another direction of research is given by the development of smart textiles that protect cardiac
or muscle monitoring sensors against interference in the hospital environment. For this, smart
biocomposites are used to monitor the structural condition. The challenges and prospects for the
conversion of smart biocomposites are highlighted [7]. The aim is to directly integrate biocomposites
into compression garments used in physical therapy but also to reduce negative influences (radiation,
noise, etc.) in the treatment rooms.

Therefore, the development of devices for medical recovery requires a complex, component-
based approach, in which sensor systems provide information on movement, force or bioelectrical
activity, and electromagnetic shielding materials ensure the functional compatibility of these systems
in real-world environments. The correlation of the two directions thus becomes essential for the
realization of wearable systems capable of combining comfort, measurement accuracy and signal
quality. This paper aims to study medical recovery systems that have integrated elements from the
smart textile industry both for the monitoring process of vital parameters and for the protection of
electromagnetic interference between devices and integrated electronic circuits.

2. SENSOR SYSTEMS USED IN MEDICAL RECOVER

Zhou et al. [8] developed a composite sensor based on graphene, TPU (thermoplastic
polyurethane) and textiles with good properties in terms of electrical conductivity, UV resistance and
durability over time. As a development principle, this sensor was based on the integration of a
graphene-based conductive material into an elastic textile substrate sealed with a flexible polymer.

The textile substrate was obtained by knitting fibers with 90% acrylic and 10% Spandex in
the structural composition. The conductive layer was obtained from graphene oxide [8]. From a
functional point of view, the sensor has the ability to transform the deformation produced by the
flexion-extension movement of the foot joint into variations of electrical resistance measured to
correlate these values with the value of the angle of the joint. After calibration, this system was able
to be included in a muscle training system where patients could control a character in a video game.
The configuration proposed by the authors demonstrates the ability of this wearable system to
accurately measure the angle of the knee by processing electrical signals in angular positions with the
help of prior calibrations, so that it can be included in the medical recovery process with wearable
devices.

In another paper [9], the authors aimed to create a system that can be positioned on the body
capable of providing measurements on the movement of the joints, with emphasis on two relevant
quantities in the functional analysis of the hand, namely the angle of flexion and the force exerted
during movement. These two characteristics are important for characterizing the stages of motion, as
they reflect both the amplitude of motion and the capacity to generate force. In this regard, the
proposed solution consisted of a hybrid, self-powered sensor system that combines triboelectric and
piezoelectric principles to overcome the limitations of conventional sensors, such as low sensitivity,
the influence of environmental factors or the need for external power.

The triboelectric sensor is sensitive to deformation and allows the bending angle to be
monitored, but its performance can be affected by environmental conditions and wear. In contrast, the
piezoelectric sensor exhibits an adequate response to force variations, but is limited in sensitivity and
signal-to-noise ratio. By combining these into a composite architecture, the system becomes able to
distinguish between geometric deformation and mechanical stress, making it suitable for monitoring
applications in neuromotor rehabilitation. The triboelectric sensor was used to determine the flexion
angle and was made of Ecoflex. Its structure has two electrodes positioned on the same surface of the
elastic layer. The resulting electrical signal is directly correlated with the bending angle, increasing
with it.
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The piezoelectric sensor was intended for force monitoring and was made of a layer of PVDF-
HFP (polyvinylidene fluoride-co-hexafluoropropylene) electrospun nanofibers doped with BaTiO3
and PEI (polyethyleneimine) nanoparticles, having PEDOT:PSS (poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate) electrodes deposited on both sides. It provides an electrical response correlated
with the applied force, allowing the separation of information related to mechanical stress from that
associated with geometric deformation. The testing carried out was possible with the help of 20
volunteers, indicating small variations in the signal, with a margin of error of approximately 0.1-0.5
%, which supports the feasibility of using the system in the monitoring of neuromotor rehabilitation.

Lo Presti et al. [10] proposed a study on the development of a sensor system intended to
identify the movement of the muscles at the trunk level. The authors developed a system of seven
flexible sensors, based on the signal transmission behavior of an optical fiber, to monitor the additional
movements performed by the patient as a result of spasms.

From a structural point of view, the system consists of an assembly of seven flexible sensors
based on FBG (FBG — Fiber Bragg Grating), integrated into a wearable structure positioned along the
spine, from the cervical to the lumbar area. These sensors were connected to an optical interrogation
unit, responsible for detecting variations in reflected wavelength, as well as to a data acquisition and
processing system. The choice of FBG sensors is justified by their high sensitivity to deformations,
mechanical flexibility and the ability to measure variations distributed along a surface, which allows
the faithful capture of trunk movements without restricting the user's mobility [10].

The operating principle is based on the modification of the wavelength reflected by the optical
fiber following its deformation, a phenomenon that occurs as a result of the stretching or compression
generated by the movement of the trunk. Thus, the movements of the body cause variations in the
optical signal, which are subsequently correlated with the amplitude and direction of movements. This
approach allows the transformation of biomechanical movements into signals, providing an indirect
but accurate method of evaluating motor behaviour [10].

The evaluation of trunk movements was carried out using kinematic landmark sensors and a
MoCap motion capture system, which served as a reference for the validation of the system based on
FBG sensors. The kinematic pointers were represented by reflective points attached to different areas
of the trunk, in correspondence with the positions of the wearable sensors, which are used to track the
spatial movements of the body. The MoCap system works on the basis of optical cameras that detect
the position of these markers in space and reconstruct their three-dimensional trajectories in real time,
thus providing a direct and accurate measurement of movements [10].

The sensor system was designed to monitor the human trunk movements. Thus, the
movements performed by the patients to move certain objects were followed. The additional
movement that people who have suffered a stroke usually make, moving the shoulder towards the
object, is followed. The additional shoulder movement causes deformation of the sensors mounted on
the patient, and together with the movements monitored by the kinematic markers, these movements
are identified. This aspect emphasizes the loss of neuromotor capacities with the passage through this
medical event. Thus, by comparing the results achieved on healthy and post-stroke patients, trends in
the use of elbow muscles are observed even when there were constraints on not using them. Therefore,
the integration of this monitoring system was able to correctly identify the muscle activation patterns,
both for healthy patients and those with neuromotor difficulties, its accuracy making it feasible for
inclusion in monitoring systems in medical recovery [10].
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3. SHIELDING AND SENSORS PROTECTION

In the field of smart fibers, it is very often used in applications such as: pressure sensors,
temperature sensors, motion sensors, acoustic sensors, optical sensors. Thus, a developing field that
has attracted the attention of researchers is textual, the combination of textiles and elements belonging
to electronics.

A review of textronics for monitoring the body's vital signals from the perspective of
integrating sensors at various levels of the textile manufacturing process chain—fiber, yarn, fabric,
and clothing—is presented. Although a large number of research methods and prototypes have been
developed, there are few details on the holistic quality and suitability of each approach for personalized
and ubiquitous health monitoring systems. Several research reviews on wearable textile platforms
provide recommendations for mechanical and chemical performance of the textile. The authors also
recommend the analysis and clear reporting of biocompatibility, safety, comfort, experimental
conditioning and pretreatment for the textile sensor system. On the other hand, studies on body-worn
sensor networks (BSNs) identify and define critical performance parameters for successful BSNs, such
as interoperability, reliability, security, validation, and sensor signal accuracy. It is also concluded that
a textronic system must fulfil its double purpose, both as a biomedical sensor and as a clothing item,
and the two aspects are inexorably linked. Characterization testing for textronics is thus affected by
interdependencies. Only a coordinated interaction of textronic in a textile platform and a biomedical
sensor should lead to the realization of a successful textronic system [11].

Textronics is the combination of textiles and electronic technologies, enabling the creation of
smart textiles and e-textiles capable of measuring, reacting or communicating. The field includes
sensors integrated into clothing, conductive materials, nanotechnologies and IoT solutions. The main
applications are in medical, sports, safety, fashion, automotive and soft robotics. The major challenges
are energy supply, durability in washing and stable integration of electronic components. Future trends
include renewable energy textiles, integrated Al and sustainable materials [12].

Biosignals often need to be detected in sports or for medical reasons. Typical biosignals are
pulse and ECG (electrocardiogram), breathing, blood pressure, skin temperature, oxygen saturation,
bioimpedance. Long-term measurements on mobile patients or athletes require other equipment. Here,
textile-based sensors and data connections embedded in textiles are preferred to avoid skin irritation
and other unnecessary limitations of the monitored person. Thus, it is necessary to include
communications, a power supply and a data processor.

Although the full integration of sensors and additional electronics into textile fabrics is not
always easy at the recent stage of technology. Electrodes in direct contact with the skin can be prepared
from a more skin-friendly material and in more comfortable shapes than, for example, ordinary ECG
electrodes or the relatively rigid chest straps known from heart rate measurements in sports. Thus, a
long-term ECG electrode based on textile electrodes and electronics integrated into textiles should be
much more comfortable than the still common version.

So, the diverse and partially chemical physical properties of humans can be measured by
textile sensors. For measuring electrical properties such as resistance, impedance, voltage or
capacitance, which are possible through fibers, wires or conductive layers, and sometimes also through
fine metal wires. The main challenges in the development of textile biosensors are the following: high
contact impedance between dry skin and textile electrode; whether the sensors detect signals directly
on the skin; and unwanted changes in the resistance and other electrical properties of the sensors, due
to washing and wear [13].

Thus, passive wireless sensors are becoming increasingly important in industry, health and
environmental monitoring. Among the advantages, it can be mentioned that it does not require
batteries. They can operate in extreme environments (temperature, pressure). About the dimensions
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they are small, cheap and easy to integrate. For these sensors, the need for new materials with low
dielectric losses and high stability is highlighted. A future area for improvement concerns the
optimization of reading distance and noise immunity. Due to the promising results, the integration of
nanogenerators for fully autonomous sensors can be tried [14].

In study [15] Zhang et al. presented the development of a flexible sensor based on
Ni/CCF@PDMS (CCF-chopped carbon fibers, PDMS—polydimethylsiloxane), intended for
monitoring Dbioelectrical signals such as sEMG (surface electromyography) and EOG
(electrooculography) in environments with electromagnetic interference. The objective of the paper is
to obtain a flexible structure capable of ensuring good contact with the skin and protection against
electromagnetic interference, for the stable recording of weak biosignals.

The sensor was obtained by dispersing nickel particles and carbon fibers in the PDMS matrix,
followed by mixing, ultrasonication, degassing, and mold casting, and then by printing Ag/AgCl
electrodes on the flexible substrate. From an experimental point of view, the authors compared the
Ni/CCF@PDMS sample with several reference variants and carried out tensile, adhesion, and
electromagnetic shielding tests. The proposed variant provided a balance between deformation and
breaking stress, reaching a deformation of 55.6% at a stress of approximately 1.49 MPa, and
demonstrated an electromagnetic shielding effectiveness of 39.82 dB.

The feasibility of using the sensor was verified through sSEMG measurements at the forearm
level and EOG measurements during natural and forced blinking. The results highlighted stable
signals, with reduced background noise, and a clear differentiation between the types of muscular
contractions and blinking, confirming the potential of the sensor for biomedical monitoring
applications.

4. CONCLUSIONS

This paper briefly reviews the accelerated evolution of flexible sensors, materials for medical
recovery and emphasizes the need to integrate two major directions: advanced sensor systems for
monitoring physiological signals and shielding materials. The reviewed studies demonstrated that the
integration of flexible sensor systems with electromagnetic shielding materials represents a viable
solution for the continuous and accurate monitoring of biomechanical and bioelectrical parameters in
post-stroke patients.

Thus, the correlation between the 2 directions (flexible, hybrid or optical sensors and
materials) is important in achieving an electronic system capable of being comfortable, accurate and
reliable. Development in this direction is useful for creating a system with high potential in the medical
field. Integration of advancements in interrelated areas is a future task.
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Abstract: The global textile industry faces significant environmental challenges due to high resource
consumption and growing volumes of post-consumer waste, particularly from cotton, one of the most widely
used natural fibers. This paper examines the pathways and applications of recycled cotton fibers within the
framework of a circular economy. Mechanical recycling, the most established method, involves shredding and
fiber reconstitution, enabling the production of blended yarns and nonwoven materials, though it reduces fiber
length and strength. Chemical recycling techniques, including solvent-based dissolution and regeneration, allow
the production of high-quality cellulose fibers comparable to or exceeding virgin cotton in performance, suitable
for demanding textile applications. Emerging biological and hybrid approaches, such as enzymatic treatments
and combined mechanical-chemical processes, provide sustainable alternatives, preserving fiber integrity while
reducing chemical and energy usage. The study highlights the influence of recycling methods on fiber, yarn, and
fabric properties, showing that optimized blends containing up to 30% recycled cotton maintain adequate
mechanical performance for apparel and home textiles. Advanced applications of recycled cotton, including
nanocellulose, composites, and functional materials, demonstrate its potential beyond conventional textiles.
Finally, recycling cotton fibers contributes to resource efficiency, waste reduction, and the development of
sustainable, high-value materials, supporting the transition toward environmentally responsible textile
production.

Key words: cotton, textile waste, circular economy, mechanical recycling, chemical recycling

1. INTRODUCTION

The global textile industry is a major contributor to environmental degradation, driven by high
resource consumption and increasing volumes of post-consumer waste. Cotton, one of the most widely
used natural fibers, is associated with significant water usage, pesticide application, and land
exploitation. As sustainability becomes a central concern, the transition toward circular economy
models has emerged as a critical strategy for reducing the environmental footprint of textile
production. Recycled cotton fibers offer a viable solution by diverting textile waste from landfills and
reducing reliance on virgin cotton. Advances in recycling technologies have enabled the
transformation of cotton waste into a variety of products, ranging from low-grade insulation materials
to high-performance regenerated fibers and advanced functional materials. However, challenges
remain in maintaining fiber quality, ensuring economic viability, and scaling recycling processes. This
paper aims to analyze current recycling pathways for cotton fibers, evaluate their impact on material
performance, and assess their environmental benefits within a circular framework. It also identifies
key challenges and outlines future directions for research and industrial implementation.
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2. RECYCLING TECHNOLOGIES FOR COTTON FIBERS

2.1 Mechanical Recycling

Mechanical recycling is the most established method for processing cotton waste and involves
sorting, cutting, shredding, and opening textile materials into reusable fibers. This process is relatively
simple and cost-effective, making it widely adopted in industry. However, mechanical recycling
significantly affects fiber properties. The repeated mechanical stress shortens fiber length and reduces
strength, which in turn impacts yarn quality and limits the proportion of recycled fibers that can be
used in high-performance textiles. The quality of the recycled fibers strongly depends on the
characteristics of the input waste, including fabric structure, blend composition, and previous
processing history. Although recycled cotton fibers generally exhibit inferior properties compared to
virgin cotton, particularly when produced by shredding fabric waste, this has historically limited their
use in clothing production [1].

As a result, recycled cotton has mainly been directed toward coarser yarns through blending
with other fibers. The paper [2] highlights key advancements in textile recycling, focusing on
improving circularity for cotton, polyester, and their blends. Spectroscopic techniques, particularly
Near-Infrared Spectroscopy (NIRS) combined with color sorting, are used to accurate and efficient
classification of textile waste. Once properly sorted, materials undergo mechanical and/or chemical
recycling, including decolorization when necessary. The authors have pointed out that for cotton,
understanding the degree of polymerization (changes from virgin fiber through various recycling
stages) is essential. This knowledge helps select the most suitable recycling processes and maximizes
the number of useful lifecycles for cotton fibers.

Table 1: Main recycling routes and end uses for waste cotton

Pathway / Product Typical Outputs and Uses Citations
Mechanical -> yarns/fabrics Knit & woven apparel, denim, mélange yarns E&’ RIGELE
Chemical -> regenerated fibers Rayon/lyocell-like fibers, often equal/better than | [5], [6], [7],
wood-based [8], 9]
. . g . . [271, [28],
Nonwovens & insulation Building, clothing, acoustic/thermal panels [29]
Advanced materials CNCs, adsorbents, biofuels, electronics, composites Bg%’ % %

Up to 25-30% mechanically recycled cotton can be blended into 30 Ne ring-spun yarn suitable
for knit tops, with acceptable strength loss. In this sense, the paper [3] shows that recycled cotton
fibers from pre- and post-consumer textile waste can be successfully reused by blending them with
virgin cotton. Although the blend yarns exhibited higher unevenness, more imperfections, and reduced
strength compared to 100% virgin cotton, they enable attractive mélange-style fancy yarns, with the
environmental benefits of recycled materials outweighing the slight drop in quality and garment
lifespan for today’s sustainability-conscious consumers. Despite these limitations, mechanical
recycling remains suitable for applications such as blended yarns, denim, and nonwoven products,
particularly when optimized sorting and processing conditions were applied. Fabric studies show
recycled-cotton woven fabrics can match mechanical properties and drape of carded cotton, suggesting
real apparel potential. The study in [4] evaluated several key properties of woven fabrics made from
recycled cotton yarns compared to conventional carded cotton yarns. Recycled cotton fabrics
demonstrated superior tensile strength in the weft direction, likely due to higher weft yarn density, and
showed significantly better abrasion resistance, with no yarn breakage even after 20,000 cycles, unlike
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carded cotton fabrics which failed earlier. In terms of bending rigidity, recycled cotton plain woven
fabrics exhibited lower values, indicating softer handle and better drapability. However, due to the
higher hairiness and short fiber content of recycled yarns, these fabrics displayed poorer pilling
performance, especially in twill constructions.

2.2 Chemical Recycling

Chemical recycling processes involve the dissolution of cotton fibers and their regeneration
into new cellulose-based fibers. Technologies such as lyocell-type processes use solvent systems (N-
Methylmorpholine N-oxide or emerging alternatives like loncell®) to produce regenerated fibers with
properties comparable or superior to those derived from wood pulp [5], [6]. This approach overcomes
the limitations of fiber shortening associated with mechanical recycling, enabling the production of
high-quality fibers suitable for demanding textile applications. However, chemical recycling is more
complex and requires careful management of solvents, energy consumption, and processing costs. The
regenerated fibers [6] showed very high wet and conditioned tenacities (about 54—62 cN/tex) with
elongations at break of 9—-13%, due to high molecular orientation that increases hydrogen bonding but
slightly reduces flexibility and stretch. The authors suggest further optimization of cellulose degree of
polymerization, scaling up the process, and exploring advanced applications such as composite or
carbon fiber production.

Paper [7] describes the process of cellulose filaments obtaining by dissolving industrial cotton
residue in two ionic liquids, [Emim]Cl (1-ethyl-3-methylimidazolium) and [Emim]OAc, with
Dimethyl Sulfoxide as a cosolvent, followed by regeneration in water or ethanol. The resulting
filaments were homogeneous and dense, retaining additives like optical brighteners. All filaments had
reduced thermal stability, with the worst performance observed for the [Emim]CIl - ethanol
combination, which also showed poor mechanical properties due to low polymerization and
crystallinity. In contrast, other filaments had elastic moduli comparable to viscose and modal fibers
(10 - 13 GPa). The [Emim]OAc - ethanol system provided the best balance of mechanical, thermal,
and structural properties.

For cotton/polyester or cotton/elastane blends, selective dissolution or hydrolysis separates
the components. lonic liquids, deep eutectic solvents, switchable hydrophilicity solvents, acids,
enzymes, and hydrothermal treatments are key tools. The paper [8] reviews chemical separation
technologies for polyester/cotton blended textiles, focusing on methods to separate components
through polyester depolymerization and cellulose dissolution. It analyzes key polyester
depolymerization approaches, and cellulose separation via acidic hydrolysis and dissolution in non-
derivatizing solvents. The authors of [9] examine the separation of cotton and polyester and elastane
using methods such as dissolution, acidic hydrolysis, acid-catalyzed hydrothermal treatment, and
enzymatic hydrolysis, followed by approaches for isolating elastane from other fibers through its
selective degradation or dissolution. Recent developments focus on improving process efficiency,
reducing environmental impact through closed-loop solvent recovery systems, and enabling the
recycling of dyed and blended textiles.

2.3 Emerging Biological and Hybrid Approaches

Emerging recycling methods incorporate biological and enzymatic treatments to selectively
break down cotton fibers or remove impurities. These approaches offer the potential for gentler
processing, preserving fiber integrity while reducing chemical usage. Enzymatic treatments,
particularly those using cellulases, enable the controlled breakdown of cotton fibers into valuable
intermediates such as glucose or regenerated cellulose, while minimizing harsh conditions and
environmental impact. The review paper of [10] emphasizes that chemical and biotechnological
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approaches, such as acid hydrolysis, achieving up to 70% glucose recovery, and enzymatic recycling,
which can reduce energy consumption by around 20% compared to conventional methods, enable the
effective conversion of textile waste into valuable resources, while scalable technologies including
advanced solvent recovery systems, optimized pretreatment processes, and fluidized-bed pyrolysis
(increasing bio-oil yields by up to 25% over fixed-bed reactors) are essential for enhancing efficiency,
sustainability, and industrial applicability.

Advances in microbial fermentation further allow these sugars to be converted into bio-based
chemicals, fuels, or new polymer precursors, supporting circular material flows. Emerging
technologies such as Biocelsol, which utilizes dissolving-grade pulp to produce regenerated cellulose
fibers [12], along with processes like bioethanol production via enzymatic fermentation, biogas
generation through anaerobic digestion, biochar formation by carbonization, and biodegradable
composting, represent promising biological routes for textile recycling; however, due to the
complexity of textile waste compositions [13].

Hybrid systems combining mechanical, chemical, and biological steps are also being explored
to optimize both efficiency and product quality, enabling the production of novel materials, including
high-performance cotton fiber fragments and nanostructured cellulose products. They integrate these
biological methods with green solvents or mild chemical pretreatments to enhance dissolution,
improve fiber separation in blended textiles, and increase overall process efficiency. Together, these
approaches offer promising, more sustainable alternatives to conventional recycling, though
challenges remain in scaling, cost optimization, and maintaining material quality (see fig. 1). The
authors of [11] emphasize the need for hybrid models combining these methods to address their
individual limitations, such as integrating technological sorting for mechanical recycling or
developing non-toxic green solvents for chemical recycling.

3. FIBER AND YARN PERFORMANCE

3.1 Fiber Properties

Recycling methods strongly shape the properties and performance of recycled fibers.
Mechanical recycling, which relies on shredding, grinding, or repeated extrusion, typically shortens
fibers and degrades their strength, because fibers are broken by shear and impact during processing,
as presented by the authors of [14],[15]. In many fiber-reinforced composites and textile systems,
higher screw speeds, higher fiber volume contents, and aggressive size-reduction steps are all linked
to more severe fiber length reduction and loss of mechanical properties [16]. This is why mechanically
recycled textile fibers and composite reinforcements often need blending with virgin fibers or are
downcycled into lower-value products. By contrast, chemical or solvent-based recycling of
fiber-reinforced polymers and textiles can preserve or restore the underlying polymer or cellulose
structure, enabling the production of more uniform, high-quality recycled fibers. In carbon-fiber
systems, solvolysis or optimized pyrolysis can remove the matrix while largely retaining fiber stiffness
and much of the tensile strength, especially when followed by appropriate surface sizing, so the
recovered fibers approach virgin performance [17]. Reviews of textile waste management similarly
note that polymer recycling by melting or dissolving, as well as chemical depolymerization of
synthetics, tends to yield recycled materials with more consistent quality than purely mechanical
routes, albeit at higher energy and process complexity [18].

Because recycling routes and parameters so strongly affect fiber length, strength, fineness,
and surface condition, the properties of recycled fibers are inherently variable. Studies across glass,
carbon, natural, and textile fibers emphasize that careful control of recycling conditions (temperature,
screw speed, number of cycles, repulping/refining severity) and thoughtful selection of feedstock and
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additives are essential to obtain reproducible properties and ensure reliable performance in
downstream applications such as yarns, nonwovens, or structural composites [18], [14].

WASTE MECHANICAL RECYCLING TEXTILE USES

Fe— ey |

Cutting — Shredding — Cleaning Varna DeRim:
Shorter fibers U strength) Knit & Woven Fabrics
[ CHEN < | REGENERATED FIBERS
-9 - 1A
Dlssolunon - Regeneratlon Lyocell-like, Apparel,
High-quality fibers (= virgin) Blended Yarns
ADVANCED MATERIALS

CNCs, Composites,
Insulation, Adsorbents

Enzymatic / Hybrid Processes
Gentle + selective recovery

Fig. 1: Recycling pathways and applications

3.2 Yarn and Fabric Performance

The integration of recycled cotton fibers into yarns and fabrics is a key strategy for advancing
sustainability in the textile industry, but it requires careful blending to maintain product quality.
Research consistently demonstrates that blends containing up to 25-30% recycled cotton can be used
in ring-spun yarns without significant loss of performance, making them suitable for mainstream
applications such as knitwear and woven apparel [5],[19]. At the fabric level, studies show that textiles
made with recycled cotton can achieve comparable abrasion resistance, drape, and comfort to those
made from virgin cotton, especially when optimal spinning methods and finishing processes are
employed [20]. These findings highlight the potential for recycled cotton to be widely adopted in
apparel manufacturing, provided that blending ratios and processing techniques are optimized.

4. APPLICATIONS OF RECYCLED COTTON

4.1 Textile Applications

Recycled cotton is now used across many textile product types, from everyday knitwear to
denim and nonwovens. Its shorter, more variable fibres are managed through blending, spinning, and
finishing strategies that allow functional and aesthetic performance comparable to virgin cotton in
many cases. Knit tops such as T-shirts and polos can be effectively produced using ring-spun 30 Ne
yarns that incorporate up to approximately 25-30% recycled cotton derived from both pre- and post-
consumer waste. Fabrics made from blends of recycled cotton and recycled polyester (r-PET), for
example in a 60/40 ratio, demonstrate bursting strength and pilling resistance comparable to those of
standard commercial T-shirt materials [21].

When appropriate finishing processes are applied, knitted fabrics containing even higher
proportions of recycled cotton up to 80% can achieve satisfactory performance in terms of bursting
strength, abrasion resistance, and pilling. This is particularly effective when compact yarns are used
in combination with optimized wet finishing techniques such as bio-polishing and controlled stripping
and dyeing [20]. Additionally, single-jersey knitted fabrics developed from recycled denim waste,
using ring-spun blends with ratios as high as 75/25 recycled to virgin fibres, have shown promising
results in both tensile strength and abrasion resistance, making them a viable option for durable
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knitwear applications [22]. Denim fabrics, both in warp and weft directions, can successfully
incorporate rotor-spun yarns with high levels of recycled cotton, making them suitable for large-scale
commercial weaving. In the case of stretch denim, elastic core-spun yarns can include up to 60%
recycled cotton while still maintaining adequate strength, elongation, and compatibility with high-
speed loom operations [21].

For handloom applications, rotor yarns containing up to 75% recycled cotton have
demonstrated no significant decline in key performance characteristics such as pilling resistance,
abrasion durability, or air permeability, even in plain and twill woven structures [23]. More broadly,
mechanically recycled cotton is widely utilized in general woven fabrics and home textiles,
particularly in the form of coarser rotor-spun yarns in the 10—20 Ne range. These yarns are well-suited
for products such as denim, towels, and various home furnishing materials, where durability and
texture are essential.

4.2 Nonwoven and Insulation Materials

Nonwoven fabrics made from recycled cotton are widely studied for use in thermal and
acoustic insulation, especially in buildings and technical clothing, where fiber length and uniformity
are less critical than in yarn-spun textiles. Research shows these materials can match or approach the
performance of conventional synthetic insulators while adding moisture management and
sustainability benefits.

Recycled cotton, often blended with polyester from post-consumer garment waste, has proven
by the authors of [24] to be highly effective in the production of nonwoven insulation materials for
buildings. Technologies such as chemical bonding and air-laid processing enable the formation of
lightweight, porous structures with excellent sound-absorbing capabilities. These nonwovens can
achieve sound absorption coefficients exceeding 70% across a broad frequency range (125 - 4000 Hz),
making them particularly suitable for interior acoustic applications such as wall linings, ceilings, and
partition systems. Importantly, their acoustic performance remains stable even under conditions of
elevated humidity, which is a critical factor in real-world building environments [25]. From a thermal
perspective, insulation panels and boards manufactured from textile waste, including significant
proportions of recycled cotton—demonstrate thermal conductivity values typically in the range of
0.034 to 0.05 W/m-K. These values are comparable to those of widely used conventional insulation
materials such as mineral wool and polymeric foams, indicating that recycled textile-based solutions
can serve as viable, sustainable alternatives in building envelopes [26]. Additionally, post-consumer
cotton fibers can be utilized in loose-fill insulation or incorporated into nonwoven mats. These forms
exhibit similar thermal conductivity ranges, with their performance influenced primarily by
environmental conditions such as temperature and humidity, while fiber orientation has a relatively
minor effect. This makes them versatile for various installation methods, including cavity wall
insulation and attic applications [25].

Insulation materials derived from recycled cotton not only contribute to waste reduction and
circular economy goals but also offer competitive thermal and acoustic performance, supporting their
growing adoption in sustainable construction practices.

4.3 Advanced materials

Recycled cotton is increasingly transformed from textile waste into advanced materials rather
than just lower-value textiles. The authors of [27],[28] focus on extracting cellulose nanocrystals
(CNCs) or nanofibrils from post-consumer garments, blended fabrics, and cotton process waste, using
acid hydrolysis, deep eutectic solvents, or NaOH/urea systems. These nano-cellulose materials offer
high crystallinity, aspect ratio, and surface area, making them attractive for nanocomposites,
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electronics packaging, and functional films. CNCs from cotton waste have been used to reinforce
poly(vinyl alcohol), PLA, methylcellulose, and polypropylene, giving large gains in tensile strength,
modulus, and sometimes impact resistance, with potential uses in automotive and construction
components, flexible films, and lightweight foams or nanopapers for electronic or packaging
applications [29]. Surface-sulfated or citrated CNCs from waste cotton further improve flame
resistance or transparency, enabling electronic packaging and conductive film possibilities. Beyond
structural nanocomposites, recycled-cotton-derived cellulose is explored as adsorbents, biofuel
precursors, and environmental materials. Activated or surface-modified cotton waste and CNCs show
high adsorption capacity for dyes, heavy metals, oils and other recalcitrant pollutants in water, and
can form improved membranes or aerogels for wastewater treatment. [30]

5. CONCLUSIONS

The recycling of cotton fibers constitutes a fundamental component in the transition toward a
circular and sustainable textile industry. Mechanical recycling is the most established and cost-
effective method for reintegrating cotton waste into textiles and nonwovens, albeit with fiber
degradation, whereas chemical and emerging biological processes enable recovery of high-purity
cellulose, producing regenerated fibers with properties comparable to or exceeding those of virgin
cotton. The development of hybrid recycling systems, integrating mechanical, chemical, and
biotechnological processes, further enhances process efficiency and material quality, contributing to
the advancement of closed-loop recycling models.

Despite the challenges associated with variability in feedstock, process scalability, and
economic viability, recent research highlights significant progress in improving the performance of
recycled fibers and expanding their end-use potential. In particular, the valorization of cotton waste
into high-value products such as nanocellulose, composites, and functional materials underscores the
broader industrial relevance of recycling strategies beyond conventional textile applications.
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Abstract: Textile structures for flexible microstrip transmission lines play a significant role in the development
of wearable articles, as they connect the textile antenna with the wearable transceiver. Such articles are
currently developed to monitor physiological parameters of humans with medical or sports applications. Our
paper proposes two types of coated transmission lines on a textile substrate, one using silver coating and the
other a carbon-based coating, with two geometrical dimensions. Their designed functionality is to act as band
pass filters at the resonant frequency of 900 MHz, in order to deliver maximum power to a wearable antenna.
The four coated transmission lines were prepared via screen printing on the dielectric substrate, while a
conductive knitted fabric was sewn on the back side to act as ground plane. The transmission lines were
characterized regarding their morphological and physical-chemical properties, in order to investigate the
electrical conductivity and continuity of the coated transmission lines, as well as their adhesion onto the textile
substrate. For this investigation scanning electron microscopy, X-ray energy-dispersive spectrometry and
Fourier-transform infrared spectroscopy in the band of 4000-400 cm™ were employed. The results of the
morphological investigation proved good conductivity and continuity of the transmission lines, while the
physical-chemical investigation showed the chemical elements of the coated microwave transmission lines. The
reflection loss (also known as input reflection coefficient, return loss, S11), of the transmission lines was
measured via a vector network analyzer. Simulation results and measurement results show broad agreement,
thus proving their functionality.

Key words: distributed elements, flexible microwave circuits, conductive coatings, band pass filters, microwave
transmission lines

1. INTRODUCTION

Microwave transmission lines integrated into textile fabrics provide the connection between the
transceiver and the textile antenna [1]. Several manufacturing technologies are available, such as
embroidery of metallic yarns, or coating with conductive pastes [2-3]. The coating of transmission
lines however, sets some challenges regarding adhesion onto the textile substrate, the quality of
electrical conductivity and the continuity of the electrical signal transmission [4]. A resonant circuit
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is needed in order for the textile transmission line to deliver maximum power to the textile antenna at
a certain frequency [5, 7-8]. Our scientific contribution presents several variants of textile microstrip
transmission lines coated on a textile substrate, acting as band pass filters with destination GSM
communication (900 MHz). This paper describes an investigation of the morphological and physical-
chemical analysis of the coated transmission lines with silver and carbon paste on a textile dielectric
substrate.

2. MATERIALS AND METHODS

2.1 The dielectric substrate
The textile substrate was chosen for its suitable physical-mechanical and electrical properties
and as well for its heat curing resistance: it is a woven fabric with 70% Kermel (polyamide-imide) and
30% viscose fibres [6].
- This woven fabric was screen printed with two types of

conductive paste, namely silver paste from Sigma Aldrich
(Ag 60% + AgCl 40%) and carbon paste from
R BareConductive. A knitted fabric with 10 Qsq resistance

was sewn on the back side of the dielectric woven fabric as
ground plane, in order to achieve a micro strip textile
structure. According to the simulation, two geometrical
dimensions for the transmission lines were selected to be
screen printed on the substrate with band pass filter
functionality: 4 mm % 100 mm transmission line and 4 mm
% 150 mm transmission line (Fig. 1).

The four resulting samples were cured in oven at 80°C for

s

s~ T ':';zﬁ 30 minutes and the knitted fabric was attached afterwards
Fig. 1: The four samples acting as by sewing on the back side as ground plane (electrical
microwave filters return path).
3. RESULTS

3.1. SEM analysis of the conductive coatings
Scanning electron microscopy (SEM) was used to analyze the morphology of the impregnated
conductive inks as follows. A FEI Quanta 200 microscope was operated at 15 kV, 130 Pa pressure in
low vacuum mode, large field detector and a working distance around 10 mm. The SEM images with
100x and 3000x magnifications were acquired for the textile substrate, for silver coating and carbon
coating for 10 and 15 cm lengths (Figs. 2-11).
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Fig. 6: SEM imag of Ag 15 cm length (100%) Fig. 7: SEM image of Ag 15 cm length (3000%)
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uum

Fig. 9: SEM image of C 10 cm length (3000%)

Fig. 11: SEM image of C 15 cm length (3000%)

The surface micro-structure of the silver coating presents some discontinuous features but
having their regions in high electrical contact. This leads to adequate conductivity of the deposited
layer, and sufficient mechanical strength, due to the high internal binding surface between these
regions. The micro-structure of the carbon-based coating presents a better continues aspect, which
provides a high conductivity and also a high mechanical resistance.

3.2. EDX analysis of the conductive coatings

X-ray energy-dispersive spectrometry (EDX) was performed to measure the chemical
elements concentrations in the deposited conductive coatings, using an Ametek EDX Element
instrument. The acquired spectra and percent concentration values are presented in Figs. 12 and 13.
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Fig. 13: EDX spectrum of C 10 cm length

The elemental composition of the silver paste indicates the presence of silver chloride in an
organic matrix (composed of carbon and oxygen compounds) that disperses the silver salt, allowing
the silver ions to interconnect and form a flexible, conductive network at the atomic level. In contrast,
the elemental composition of the carbon paste reflects the presence of carbon, as well as the oxygen
contained in its organic additives.

3.3. FT-IR analysis of the conductive coatings

The identification of chemical compounds in samples was made by Fourier-transform infrared
spectroscopy (FT-IR) in the range of 4000-400 cm™ in the attenuated total reflectance mode with a
diamond crystal, using a Thermo Scientific Nicolet iS50 instrument. The spectra of 10 cm silver and
carbon conductive films are shown in Figs. 14 and 15.
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Fig. 15: FT-IR spectrum of C 10 cm length

FT-IR analyses of the carbon paste show that the carbon-carbon bond peaks of the carbon
structures appearing in the mid-infrared band (1500-1000 cm™) from molecular vibrational
transitions, a band that is absent in the case of silver paste due to the presence of silver-chloride ionic
bonds instead of covalent carbon-carbon.

3.4. Electric microwave simulation and measurements

The manufactured transmission lines were simulated in microwave frequency range 100-2000
MHz, via the software SONNET LITE, in order to prove the band pass filter functionality. The 100
x4 mm transmission line had a resonant frequency at 1100 MHz, while the 150 x 4 mm line had
resonant frequencies at 700 MHz and 1400 MHz. The resonant frequency differed from the initial
simulation target of 900 MHz, after introducing the substrate dielectric parameters. These simulation
results were validated by vector network analyzer (VNA) measurements on the four coated samples.
The PocketVNA 4G vector network analyzer attached to a laptop, with the related software was used
in this regard (Fig. 16).
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Fig. 16: Simulated and measured results for the four transmission lines

The measurements with the VNA were conducted in the frequency range 100-1000 MHz, as
calibration results proved to be more stable in this frequency range.

4. DISCUSSION

The morphological investigations revealed that the surface of silver conductive coating is
discontinued, containing very compacted granules which are enough in electrical contact to assure the
electrical conductivity. The surface of C conductive coating is continuous, a fact which leads to a good
electrical conductivity. The chemical investigations reveal the silver and the carbonic content of
pastes, the oxides and other C-O organic compounds that are present in the paste matrixes and the C-
C structures from carbonic paste (1500-1000 cm™! band).

On the other hand, the measured reflection loss (S11) of the manufactured transmission lines
broadly coincides with the simulation values (Fig. 16). This is mainly due to two reasons:

- the electric conductivity of the simulation was set to 107 S/m, while the manufactured
transmission lines have 10°-10° S/m, with a shift of the Gain in dB;
- the measured parameters of the dielectric textile substrate (relative electric permittivity and
tangent delta) [6], may differ and hence the resonant frequency shifts.
However, in case of the 15 cm transmission lines, the measurement has same resonant frequency
as the simulation.

5. CONCLUSIONS

The aim of this research was to provide flexible microwave transmission lines to deliver
maximum power to wearable antennas. The resonant frequency was initially designed for 900 MHz
(GSM communication), however after updating the simulation with the current physical parameters
of the dielectric substrates, the resonant S11 frequency of the 100 mm line and 150 mm line shifted to
1100 MHz and 700 MHz. Specific aim of this paper was to analyze, from a morphological point of
view (SEM), and from a physical-chemical perspective (EDX, FT-IR), the quality of the transmission
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lines on the dielectric textile substrate prepared by coating with silver and carbon pastes. Envisaged
analysis was directed to the electric conductivity and signal continuity, as well as adhesion of the
conductive paste onto the textile substrate. The SEM analysis presents some discontinuous features of
the transmission lines, and regions in high electrical contact. The EDX analysis showed the presence
of silver chloride in the case of the silver paste, and carbon and oxygen, from the organic additives, in
the carbon paste. The FT-IR analysis of the carbon paste shows the carbon-carbon bonds of carbonic
structures manifested in the 1500-1000 cm™' middle-infrared band of vibrational molecular transitions,
which were absent from the silver paste due to silver-chloride ionic bonding rather than carbon-carbon
bonding.

The proposed textile structure for the flexible microstrip transmission lines generally meets
its designed functionality. The measured values of the reflection loss S11 shifted when compared to
the simulated values in Gain and resonant frequency, due to differences in the electric conductivity of
the traces and in the electric parameters of the dielectric textile substrate. Future work envisages a
better correlation of the design and simulation of the band pass with respect to physical and electrical
parameters.
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Abstract: The textile industry is under increasing pressure to reduce dependence on petroleum-based fibers
and to adopt materials with lower environmental impact. Among the most promising alternatives are
pobylactic acid (PLA), polyhydroxyalkanoates (PHA), and natural fibers, each offering distinct benefits and
limitations for sustainable textile applications. PLA is a bio-based polymer that is relatively easy to process
and already used in some textile and nonwoven products, but its biodegradation is often limited to controlled
industrial conditions. PHA is a microbial polyester with strong biodegradation potential and high
sustainability appeal, yet its commercial adoption remains constrained by high production costs and
processing challenges. Natural fibers such as hemp, flax, cotton, and jute are renewable and widely used in
textiles, offering comfort, breathability, and established manufacturing routes, although they often require
treatment or blending to overcome variability and moisture sensitivity. This short review compares these three
material families in terms of origin, biodegradability, processability, mechanical performance, cost, and
textile suitability. The analysis shows that no single fiber can satisfy all sustainability and performance
requirements. Instead, future sustainable textile systems will likely depend on material selection according to
application, blending strategies, and improved end-of-life management.

Key words: PLA, PHA, natural fibers, sustainable textiles, biodegradable polymers, bio-based materials

1. INTRODUCTION

Sustainable textile development has become a major research direction because
conventional synthetic fibers are tied to fossil resources and waste problems. Conventional synthetic
fibers, which are predominantly derived from petroleum, are associated with substantial greenhouse
gas emissions, resource depletion, and persistent waste in the environment [1], [2]. Lifecycle studies
indicate that the production of these fibers is energy-intensive and strongly linked to fossil-based
supply chains, while their limited biodegradability can result in long-term accumulation in
ecosystems [3]. These environmental drawbacks are further accentuated by the global context of
energy and raw-material insecurity, including volatility in oil markets and disruptions affecting
strategic transport corridors, such as the Strait of Hormuz, nowadays. Such conditions highlight the
vulnerability of petroleum-based supply chains and reinforce the need for renewable, bio-based
alternatives in textile manufacturing.

Within this context, bio-based polymers and natural cellulosic fibers have received
increasing attention as possible substitutes for conventional textile materials. Among them,
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polylactic acid (PLA), polyhydroxyalkanoates (PHA), and natural fibers such as cotton, flax, hemp,
and jute represent three particularly relevant categories for comparative analysis because they differ
in technological maturity, biodegradability, cost profile, and textile performance [4, 5]. PLA and
PHA are bio-based polyesters with distinct processing and degradation characteristics, while natural
fibers are long-established renewable materials that continue to play a central role in sustainable-
textile research [4]. The objective of this paper is to compare these three material families in relation
to their origin, processing, properties, environmental performance, and textile suitability, and to
identify their main advantages and limitations for future sustainable textile systems.

2. MATERIALS AND METHODS

This paper was developed as a short narrative review based on recent literature addressing
sustainable fibers for textile applications. The comparison focuses on three material families (PLA,
PHA, and natural fibers), selected because they represent distinct but complementary approaches to
reducing the fossil-based content of textiles. The review criteria included raw-material origin, fiber-
processing routes, mechanical and thermal characteristics, biodegradability, end-of-life
considerations, industrial maturity, and representative textile applications.

Sources included review papers, technical overviews, and sector-specific analyses
concerning textile processing, biodegradable polymers, and natural-fiber performance along with the
use of these materials in apparel, nonwovens, home textiles, and technical textiles. A particular
attention was also given to reported constraints linked to cost, moisture sensitivity, hydrolytic
degradation, or limited infrastructure for composting and recycling.

The resulting synthesis is qualitative and comparative in nature and is intended to provide
an academically grounded overview suitable for a short review article format.

2.1 PLA / PHA, as biodegradable polymers
PLA / PHA are part of the main class of biodegradable polymers [6], as shown in Fig 1.

From biotechnology, by From microorganisms,
conventional synthesis obtained by extraction
from bio-derived
monomers
Polylactides Polyhydroxyalkanoates PHA
Polylactic Acid - PLA Polyhydroxybutirate PHB

Fig. 1: Main biodegradable polymers
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Bio-based polymers could be obtained from microbial production, such as PHA, or by
producing bio-based monomers through fermentation and conventional chemistry followed by
polymerization, such as PLA. There are also polymers that are prepared from petrochemical
products (synthetic monomers, such as polycaprolactone, PCL). [6 Averous, 2012]

2.2 PLA for textiles

PLA is a bio-based and biodegradable polymer produced from renewable plant-based
feedstocks, such as corn starch or sugar cane, which makes it a prominent alternative to
petroleum-based polyesters, used in the textile industry [4]. The raw material used in the synthesis of
PLA is the high purity monomer, lactide [4]. Chemical formula is stated in Fig. 2 [6].

O CH

[
c—CH—oﬁn—

Fig. 2: The chemical structure of PLA [6]

The PLA family includes poly(l-lactide) (PLLA), poly(d-lactide) (PDLA), poly(dl-lactide)
(PDLLA), poly(meso-lactide), and copolymers obtained from the monomers [4]. Based on the
stereochemistry of the polymer structure, PLA can be semicrystalline or amorphous, which provides
the PLA fibers with specific properties, as increased durability, while the purity of lactic acid stereo-
copolymers affects the physical properties of PLA, depending on the applied production process [4].
PLA fibers are typically produced via melt spinning, either as continuous filaments or as staple
fibers, and can be integrated into conventional spinning, knitting, and weaving lines without major
process changes [7]. This relative process compatibility has supported its introduction into apparel
blends, home-textile products, and disposable or semi-durable nonwoven articles. Fig. 3 shows PLA
short fibers and filaments produced by Shenzen Esun Industrial Group.

=
4"

=
S

Fig. 3: PLA short fibers and filaments [8]

With respect to performance, PLA fibers exhibit useful tensile strength, acceptable
dimensional stability, low pilling tendency, and a smooth, soft handle surface which enhances
comfort in next-to-skin products such as sportswear, underwear, and children’s clothing [9]. PLA
also offers moderate moisture-wicking and reasonable breathability, which can be further improved
by texturing, fiber cross-section design, or blending with cellulosic fibers [10]. However, several
limitations remain significant. PLA exhibits lower thermal resistance than polyethylene terephthalate
(PET), with a relatively low glass-transition temperature and susceptibility to deformation during
high-temperature processing, finishing, or ironing [9,10]. In addition, PLA is sensitive to hydrolytic
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degradation under conditions of moisture, elevated temperature, or alkaline treatment, which can
constrain dyeing and wet processing.

From an environmental point of view, PLA is frequently described as biodegradable and
industrially compostable, although its effective degradation generally depends on controlled
conditions rather than unmanaged natural environments [9].

In summary, PLA is a technologically mature and relatively versatile bio-based fiber that
can be processed with conventional textile machinery and offers advantages in renewability and
compostability. However, its thermal sensitivity, hydrolytic degradation, and dependence on
industrial end-of-life infrastructure imply that its deployment should be carefully aligned with
specific textile applications and value-chain capabilities.

2.3 PHAsS for textiles

Polyhydroxyalkanoates (PHAs) are a class of intracellular biopolymers synthesized by
various bacteria, where they serve as carbon and energy storage in the form of granules [11]. These
biopolymers are produced through fermentation of renewable carbon resources, including sugars,
plant oils, and agricultural residues [12]. Structurally, PHAs consist of hydroxyalkanoate (HA)
monomer units arranged into polymer chains formed during bacterial fermentation [12]. Chemical
structure is presented in Fig. 4.

Chromosome

» PHA granules
(,,carbonosomes”)

4

OH

H 0] (0]

PHA structure: 58 (.Z
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H X x=100-300,000

Fig. 4: The chemical structure of PHA [11]

PHAs can be converted into textile fibers mainly through melt spinning or solution-based
techniques (such as wet, dry, or electrospinning), often with modifications like copolymerization or
blending to improve processability and mechanical performance [11]. Melt spinning is the closest to
conventional synthetic fiber production. The PHA (e.g., PHB or PHBV) is melted and extruded
through spinnerets, then drawn to orient the polymer chains [13]. PHA’s principal attraction in the
textile sector lies in their biodegradability profile, since PHA materials have been reported to
degrade in soil, water, marine environments, and industrial composting systems under suitable
conditions [12]. This characteristic provides a substantial conceptual advantage for textile products
designed within circular-economy or low-persistence in ecosystems. Depending on formulation,
PHA materials can exhibit behavior ranging from relatively rigid to more elastomeric, which creates
opportunities for diverse textile uses, including biodegradable wipes, agricultural textiles, selected
medical or hygiene materials, protective layers, and niche fashion products where biodegradability is
prioritized [14]. Fig. S presents variants of staple PHA fibers, in paralell with fillaments.

38



ANNALS OF THE UNIVERSITY OF ORADEA
FASCICLE OF TEXTILES, LEATHERWORK

Fig. 5: The chemical structure of PHA [15,16]

PHAs are often blended with other polymers (PLA, PCL) to improve spinnability,
flexibility, and durability. This is currently one of the most practical approaches for textile
applications [14]. PHA fibers are reported to be lightweight, mechanically robust, and breathable,
with good comfort properties for clothing and personal protective applications.

Despite these advantages, PHA fibers still face significant challenges. Production costs are
higher than those of conventional synthetics due to complex fermentation and downstream
processing requirements, and industrial scale PHA manufacturing remains limited globally [4].
Thermal and mechanical behavior can be less predictable than that of PLA or PET, and long term
performance under repeated washing and mechanical stress has not yet been extensively documented
in open literature [4].

2.4 Natural cellulosic fibers in textiles

Natural fibers, such as cotton, flax, hemp, jute, are widely regarded as sustainable
alternatives to synthetic fibers because they are derived from renewable biological sources and are
generally biodegradable at end of life. These fibers are typically extracted from plant stems, seeds,
bast layers, and can be processed into yarns and fabrics using well established spinning, weaving,
and knitting technologies. Natural fibers are valued for their low thermal conductivity and good
thermal insulation, which makes them suitable for protective clothing and other purpose-related
textiles.

The specific properties of natural fibers vary substantially according to botanical origin,
cultivation conditions, harvesting method, and subsequent treatment [17]. Bast fibers such as flax
and hemp can offer relatively high stiffness and strength, whereas cotton is typically associated with
softness and wear comfort. Natural fibers also present hydrophilic behavior and significant moisture
regain, which can improve thermophysiological comfort but may also result in dimensional
instability or property changes under humid conditions [17].

On the other hand, natural fibers display several limitations that affect their widespread
deployment as unique components in high performance textiles. Variability in fiber diameter, length,
and strength between batches can complicate quality control and fabric consistency. Sensitivity to
moisture and biological degradation, especially in humid environments, can reduce durability unless
fibers are chemically treated.
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3. RESULTS AND DISCUSSIONS

3.1 Comparative assessment

PLA, PHA, and natural cellulosic fibers each occupy a distinct niche in the landscape of
sustainable textile materials, and their relative strengths and weaknesses become clearer when
examined side by side. From a production and process perspective, PLA is the most mature among
the bio based options, with fibers that can be integrated into standard spinning, knitting, and weaving
lines without major modifications. PLA’s mechanical properties are broadly comparable to those of
conventional polyester, yet its lower thermal stability and susceptibility to hydrolytic degradation
limit its suitability for high temperature processing and long term durability under moisture stress. In
contrast, PHA offers superior biodegradability in a wider range of environments, including soil,
water, and marine settings, which makes it attractive for circular economy oriented textiles, but its
production cost structure and scale-up challenges restrict its current deployment to niche, high value
products.

Natural fibers, such as cotton, flax, hemp, and jute, provide a renewable and biodegradable
base material with well established comfort and thermal insulation properties, and they can be
processed on existing textile equipment with minimal capital investment. However, their mechanical
performance and quality can vary with cultivation conditions and post harvest treatments, and many
require additional processing to improve moisture resistance, strength, and dyeing behavior. In
practical terms, PLA is particularly suitable for blends, disposable textiles, and technical nonwovens
where end of life management can be controlled, while PHA is currently better positioned for niche
biodegradable products and specialized applications where environmental degradation is a primary
design objective.

3.2 Stuctured comparison

Fig. 6 offers a structured comparison which includes the main characteristics of PLA, PHA,
and natural fibers in terms of origin, biodegradability, processability, mechanical performance, and
typical textile applications.

Criteria PLA PHA Natural fibers
Origin Renewable plant-based feedstocks |Microbial production Plant or agricultural sources
Biodeeradabil Biodegradable, often under Strong biodegradability, including |Biodegradable, well accepted as
todegradabllity |.  tustrial composting conditions broader environmental settings  |renewable
. Good compatibility with textile More difficult, less mature Highly established in textile
Processing . . . .
existing processes industrially manufacturing
Mechanical Usefull strength, but limited heat Variable: depends on formulation |Recommended for multiple uses,
performance resistance and processing properties vary by fiber type
Comfort Can work well in blends and Less common in curent apparel |Strong advantage in comfort and
nonwoven products use breathability

More commercially mature than Widely available, especially for

Cost and scale High costs and scale-up barriers

PHA mature crops
Best-fit uses Blends, disposable textiles, Niche sustamable textiles, Apparel, home textiles, blends,
' o NONwovens specialty uses technical uses

Fig. 6: A structured comparison of PLA, PHA and natural cellulosic fibers

The structured summary highlights the trade-offs between these three material families:
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PLA’s relatively high industrial maturity and processability, PHA’s strong biodegradability but
limited economic and technological readiness, and the comfort and renewal potential of natural
fibers balanced against their variability and moisture-sensitivity. By presenting these attributes side
by side, the table supports the discussion of appropriate fiber selection for different types of
sustainable textile products.

4. CONCLUSIONS

This review has highlighted that PLA, PHA and natural fibers each contribute in different
ways to the development of sustainable textile systems. PLA represents a relatively mature bio based
polymer with good processability and mechanical properties comparable to conventional polyester,
making it suitable for apparel blends, disposable textiles, and technical nonwovens, when paired
with controlled end of life strategies, such as industrial composting or collection based recycling.
PHA, although less economically viable at present, offers enhanced biodegradability under diverse
environmental conditions and is particularly promising for niche, high value textiles, where
biodegradability is a primary design criterion. Natural cellulosic fibers, including cotton, flax, hemp,
jute, and others, remain the most versatile option for apparel, because they combine renewability,
biodegradability, comfort, and industrial familiarity, even if they require optimization for
performance, consistency and durability.

Taken together, these materials suggest that the most effective solution toward more
sustainable textiles lies not in choosing a single “best” fiber, but in strategically combining
complementary materials. Blends and hybrid structures that integrate PLA or PHA with natural
fibers can balance performance, comfort, and environmental footprint while reducing dependence on
fossil based resources.

In the light of the authors’contribution to the literature, the comparison table offers a
concise, structured overview that synthesizes key properties and application profiles of PLA, PHA,
and natural fibers, reinforcing the paper’s argument that no single fiber type is universally optimal
for application-driven material selection in sustainable textile design.

Future textile systems are likely to depend on hybrid material combinations, improved fiber
engineering, better composting and recycling infrastructure, and more rigorous lifecycle assessment,
in order to balance environmental objectives with real manufacturing and consumer requirements.
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Abstract: The fashion industry is among the most dynamic economic sectors worldwide, but also one of the
most exposed to environmental and social pressures due to intensive resource use, short production cycles,
and complex global value chains. In the European Union, these challenges have triggered a profound
transformation of the fashion industry, driven by policies promoting sustainability, circular economy
principles, digitalization, and extended producer responsibility. As an economic partner closely integrated
into European markets, the Republic of Moldova is directly influenced by these structural changes.

This article analyzes the alignment of the fashion industry in the Republic of Moldova with key European
Union trends and examines the prospects for increasing competitiveness while ensuring sustainable
development. The study highlights the structural characteristics of the Moldovan fashion industry, which
remains predominantly based on C&M and CMT production models. Although these models have facilitated
integration into European value chains, they have also constrained domestic value added and limited
functional upgrading.

At the same time, recent trends indicate a gradual shift toward higher value-added activities. An increasing
number of small and medium-sized enterprises have initiated production under their own brands, mainly
targeting the domestic market. The analysis shows that sustainability, digitalization, eco-design, and circular
economy practices can act as strategic drivers of competitiveness rather than merely compliance
requirements. Strengthening innovation capacity and human capital emerges as essential for the long-term
sustainable integration of the Moldovan fashion industry into European markets.

Key words: fashion industry, competitiveness, sustainability, value chain, digitalization, circular economy.

1. INTRODUCTION

The fashion industry is among the most dynamic but also most pressured economic sectors
globally, characterized by short production cycles, intense competition, and significant
environmental impact. For small and medium-sized enterprises (SMEs) in the European Union and
the Republic of Moldova, competitive challenges are intensified by increasingly stringent
requirements regarding sustainability, traceability, and social responsibility along the value chain. In
this context, integrating competitiveness with sustainable development becomes not merely a
strategic option, but an essential condition for maintaining and strengthening market position.

The sustainable development approach is particularly relevant for the fashion industry, a
sector traditionally associated with intensive resource consumption, waste generation, and social
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pressures related to working conditions.

From a competitiveness perspective, Michael E. Porter emphasizes that sustainable
competitive advantage does not derive from short-term cost reductions, but from productivity,
innovation, and continuous improvement capability [1]. Applied to SMEs in the fashion industry,
this vision highlights the importance of investments in design, efficient production technologies,
supply chain management, and differentiation through value-added, including sustainability criteria.

For fashion enterprises in the European Union, the transition toward sustainable business
models is accelerated by European policies promoting the circular economy, environmental impact
reduction, and social responsibility. In this framework, competitiveness is no longer assessed
exclusively through immediate economic performance, but through firms’ ability to create long-term
value for customers, employees, and communities. The World Economic Forum emphasizes that
sustainable prosperity is determined by an integrated set of factors including effective institutions,
innovation, human capital, and the responsible use of natural resources [2].

For fashion enterprises in the Republic of Moldova, the challenge of sustainable
competitiveness is twofold. On the one hand, firms must respond to European market requirements,
including quality and sustainability standards. On the other hand, they operate in an economic
context characterized by limited financial and technological resources. Thus, sustainable
competitiveness can be defined as the ability of organizations and economies to achieve economic
performance while simultaneously preserving social and natural capital. [3]

2. EUROPEAN TRENDS IN THE FASHION INDUSTRY

2.1 Sustainability as a new industrial paradigm

Over the past two decades, the fashion industry has entered a profound process of structural
reconfiguration, driven by growing recognition of the significant negative environmental and social
impacts of the traditional fast fashion model. The dominant linear model, based on the logic
“produce—consume—discard”, has led to overproduction, intensive use of natural resources, and the
generation of substantial volumes of textile waste, becoming incompatible with global sustainable
development objectives. [4]

In response to these challenges, sustainability increasingly asserts itself as a new industrial
paradigm, steering the fashion sector toward principles inspired by the circular economy. This
paradigm entails designing products to be durable, repairable, and recyclable, keeping materials in
use for longer periods, and minimizing waste generation throughout the product life cycle. [5]

At the European Union level, this shift is institutionally supported by the EU Strategy for
Sustainable and Circular Textiles, which aims at the structural transformation of the textile industry
by 2030. The strategy stipulates that textile products placed on the European market should be more
durable, contain a higher share of recycled materials, and be accompanied by effective mechanisms
for collection, reuse, and recycling.[6] In this context, sustainability is no longer perceived as an
external constraint, but as an essential criterion of competitiveness and industrial adaptability.

One of the central dimensions of the new paradigm is extending the lifespan of clothing
products. Studies show that prolonging the use of a garment significantly reduces its carbon
footprint and the resource consumption associated with producing new items. Consequently,
business models based on repair, reuse, resale, and rental are gaining increasing importance,
particularly for SMEs in the fashion industry, which can more rapidly adopt such flexible solutions
[7].

The transition toward sustainability also entails cultural and organizational change within
fashion firms. This includes the adoption of eco-design, greater transparency in supply chains, and
the assumption of extended producer responsibility throughout the textile product life cycle. For
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SMEs, this approach may generate competitive advantages through differentiation, the development
of a responsible brand image, and facilitated access to European markets.[8]

To assess the level of sustainability within the fashion industry in the Republic of Moldova,
a survey was conducted among 20 enterprises operating in the sector and representing different
business models, including service provision for European clients and production and
commercialization under own brands.[8]

The findings of the survey enabled a comparative analysis between sustainability-related
trends and policy orientations at the EU level and the current state of sustainability practices in the
Republic of Moldova (Table 1).

Tabele 1. Dominant trends in the fashion industry: European Union and Republic of Moldova

Dimension European Union Republic of Moldova
Production model Transition from fast fashion to ~76% production in lohn regime; ~24%
sustainability. Durable and own-brand production; early transition toward
circular textiles sustainability
Role of sustainability Regulatory obligation Incipient implementation
Digitalization 3D design, Digital Product 3D design, low level
Passport
Value chains Controlled supplier integration, Peripheral position
nearshoring
Competitiveness Innovation and branding, Manufacturing quality, cost competitiveness
quality and compliance

Source: Compiled by the author based on [6] and [8].
This comparative overview highlights the structural gaps between the Republic of Moldova
and the main EU markets, justifying the accelerated implementation by the APIUS association of the
Action Plan to Ensure Sustainability for the Textile Industry in the Republic of Moldova. [§]

2.2 The European Union as a normative actor in the fashion industry

The EU Strategy for Sustainable and Circular Textiles establishes as a strategic objective a
paradigm shift by 2030 from the linear model of production and consumption toward a systemic
model aimed at maintaining the value of products, materials, and resources in the economy for as
long as possible. Within this framework, circular-oriented design becomes an essential tool for
reducing primary resource consumption and limiting textile waste generation.

At the same time, the EU strategy integrates the principle of extended producer
responsibility (EPR), through which economic actors in the fashion industry are called upon to
assume greater responsibility for the impact of their products throughout the entire life cycle,
including post-consumer stages. The implementation of EPR mechanisms stimulates waste
prevention, separate collection, reuse, and textile recycling, thereby contributing to reduced
environmental pressure and internalization of the social and ecological costs of production.

By combining the circular economy with extended producer responsibility, the EU strategy
seeks not only to reduce the environmental and social impact of the textile industry, but also to
create a competitive framework in which sustainability becomes a determining factor for access to
and performance on the European market. [6].

To translate the objectives of the EU Strategy for Sustainable and Circular Textiles into
concrete economic practices, the European Union has introduced a series of public policy
instruments that directly influence production, reporting, and textile product management. These
measures significantly affect external suppliers to the European market, including enterprises in the
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Republic of Moldova, which must adapt their processes and standards to remain competitive and
eligible on the EU market.

Based on the surveyed enterprises’ responses and the current state of the fashion industry in
the Republic of Moldova, the analysis outlines the expected impact of EU policy instruments on the
sector. The results show how these measures may affect sustainability practices, strategic
orientation, and compliance capacity of Moldovan fashion enterprises, shaping the industry’s future
development (Table 2).

Tabele 2. EU public policy instruments and implications for the fashion industry in the Republic of

Moldova
EU instruments Main objective Implications for Moldova
EU Textile Strategy Circular economy Industrial modernization
Extended Producer Textile waste management Increased compliance costs
Responsibility (EPR)
Digital Product Passport Traceability Need for digitalization
European Green Deal Climate neutrality Gradual adaptation of standards

Source: Compiled by the author based on [6], [8] .
The table shows that EU policies generate both constraints and opportunities for the
development of Moldova’s light industry.

3. THE REPUBLIC OF MOLDOVA IN THE FASHION INDUSTRY VALUE
CHAIN

3.1 The current structural model
The fashion industry is one of the important branches of the manufacturing industry in the

Republic of Moldova and of the national economy as a whole. [10] In 2024, it accounted for
approximately 13% of the total number of enterprises in manufacturing, over 20% of total
employment, and nearly 8% of turnover. The sector is strongly export-oriented, accounting for about
9.6% of total national exports.

Despite being among the country’s top five exporters, the industry is predominantly oriented
toward export manufacturing operations under C&M and CMT regimes. This positioning limits the
value-added created at the national level. The degree of Moldova’s integration into the European
fashion value chain is illustrated in Figure 1.

Global Textile . Branding & Retail
. > ) »| Manufacturing >
design production UE
¥ i V {
RM - low RM - very RM - main RM -
limited absent

Fig. 1. Positioning of the Republic of Moldova in the fashion industry value chain
Source: Compiled by the author.

Figure 1 highlights the concentration of activities in Moldova at low value-added stages and
the need to expand participation toward higher stages of the value chain.
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Aligning Moldova’s fashion industry with European trends involves a structural transition
from cost-based competitiveness (C&M and CMT models) toward a value-added and
innovation-oriented model. This requires the implementation of in-house design and the
development of own brands as resilient and competitive business models.

To strengthen competitiveness, Moldova’s light industry must overcome a purely cost-based
model and shift toward higher value-added activities, such as own product development, design, and
local branding. Over the past five years, the share of production manufactured and sold under own
brands on the domestic market increased by two percentage points. Although growth is relatively
slow, it indicates a clear trend toward higher value-added products. It should also be noted that some
enterprises sell own-brand products on external markets through e-commerce.

The structure of production and its distribution by market is shown in Figure 2.

2019 2024

78,3% 76,3%

m Domestic market,% = Foreign market,% m Domestic market,% = Foreign market,%

Fig.2. Evolution of the structure of manufactured and marketed production by sales markets
Source: Compiled by the author based on [11].

In addition to implementing high value-added products to enhance competitiveness, fashion
enterprises in Moldova need innovation, digitalization, and circular economy practices.
Technological investment and professional skills development are essential conditions for this
transition. The adoption of energy-efficient technologies, use of sustainable materials, and respect
for social standards can increase the sector’s attractiveness for European investors and partners.

For the Republic of Moldova, adapting to new EU market requirements is no longer
optional, but an essential condition for maintaining competitiveness. With APIUS Association
joining EURATEX, Moldova’s fashion enterprises will be guided in aligning with European policies
and capitalizing on opportunities created by new trends. Consequently, the fashion industry can
evolve toward a sustainable and resilient long-term model.

5. CONCLUSIONS

The analysis reveals that the predominant reliance of fashion industry enterprises in the
Republic of Moldova on C&M and CMT production models significantly constrains value creation
and positions the sector at the periphery of European value chains. This structural dependence is
likely to hinder the alignment process with European Union trends, which are increasingly oriented
toward sustainability, circular economy principles, and digitalization.

To overcome this situation, it is recommended to accelerate the implementation of the
Action Plan 2023-2027 for the implementation of the sustainability roadmap for the light industry in
the Republic of Moldova [8]. This plan prioritizes several key strategic directions, including:
increasing the production and commercialization of garments under own brands to enable
diversification and a shift toward higher value-added products; retechnologization of the industry
and the adoption of innovation; digital transformation of production and management processes;
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implementation of sustainable and circular textiles; and alignment with standards compatible with
the requirements of the European market.
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Abstract: Maternity apparel constitutes a specific domain within fashion design, necessitating consideration of
the intricate physiological and psychological requirements of expectant mothers. The objective of this research is
to formulate a systematic classification system for maternity garments, predicated on functional and aesthetic
attributes, geometric indices, and machine learning methodologies. A comprehensive analysis was conducted on
32 distinct clothing types and 10 categories of frequently utilized garments; furthermore, 24 geometric indices
were extracted from each silhouette to quantify shape, proportions, compactness, and structural features. Feature
selection techniques, including FSRNCA, RReliefF, and SFCPP, were employed to ascertain the most pertinent
geometric parameters for classification purposes. To categorize clothing into five functional-aesthetic groups,
four machine learning algorithms were used: k-nearest neighbors (k-NN), decision tree, ensemble model, and
support vector machine (SVM) with an ECOC strategy. The ensemble model achieved the highest classification
accuracy, reaching 100%, which showed its strong reliability even with small and diverse datasets. The results
were validated through expert evaluation by specialists in fashion design, functional apparel, and maternity
clothing. This research builds upon current methodologies by combining geometric and semantic attributes,
thereby presenting a holistic approach to the assessment and classification of maternity clothing. Moreover, the
suggested framework opens avenues for future advancements, such as the integration of three-dimensional body
models, personalized garment suggestions tailored to individual body shapes, and intelligent systems designed for
the adaptive design of maternity apparel. Consequently, this study enhances comfort, functionality, and aesthetic
appeal within the realm of maternity wear, ultimately supporting the well-being and self-assurance of pregnant
women across the entirety of their pregnancy.

Keywords: Functional design, Geometric features, Feature extraction, Machine learning, Classification accuracy,
Personalization

1. INTRODUCTION

Clothing design is primarily determined by shape, color, and material, with maternity clothing
incorporating contour, construction, and the textiles used [1]. Shapes are important for the style and
aesthetics of clothing, with the most commonly used types being A, H, X, T, O, and S [2]. Additional
configurations such as “tunic” and “hourglass” expand the classification [3]. These proportions and
design solutions correspond to women’s bodies during pregnancy [4]. Contour can highlight or conceal
features of the human body [5]. According to Zou et al. [6], the development of fashion design requires
international collaboration, multilingual platforms, and innovative technologies that integrate historical
and digital perspectives. Research on contours in fashion covers their recognition, cultural significance,
and practical application in pregnant women. Jiang et al. [7] developed a method for intelligent
recognition of trouser contours using DeepLabV3+, improving accuracy and classification, although
with limitations in the variety of poses and clothing. What these studies have in common is more
accurate recognition, cultural interpretation, and personalized application of visual configurations in
contemporary fashion design. Research on contours in fashion design can be summarized as
technologically applied and theoretically cultural.

Technological-applied research focuses on automated contour recognition, classification, and
optimization using modern digital methods. Zhang et al. [8] used fuzzy C-means and keypoint
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positioning algorithms to measure A-shapes in traditional Chinese costumes. Tsuru et al. [9] applied
statistical methods such as principal component analysis and cluster analysis to group dresses, while Nie
et al. [10] used variance analysis to quantify the factors influencing X-shapes. Lee et al. [11] analyzed
over 1,300 images of wedding dresses, classifying their elements as bodices, sleeves, and skirts, which
helps designers create fashionable and sought-after models. The presented research focuses on precision,
personalization, and efficiency in clothing design and evaluation, primarily in relation to online
shopping and digital fashion.

Theoretical-cultural studies encompass classification systems, historical and cultural
interpretations of garment outlines, and qualitative methods of analysis. Kazlacheva [12, 13] proposes
a detailed classification based on fit, geometric shapes, letter designations, and visual analogies, noting
that there is no complete overlap between different classification systems. Hadijah et al. [14] use
observation, interviews, and documentation to study the structural details of dresses but are not
supported by numerical evidence or statistical analyses that would make them objectively verifiable.
Radieva [15] examines the proportions of the lower part of garments at Christian Dior and Cristobal
Balenciaga using correspondence analysis, focusing on the influence of design decisions on the overall
visual appearance. Indrie et al. [16] complement this line of research by introducing a new classification
of combined configurations and applying principal component analysis to more accurately classify
garments. These studies prove the cultural, aesthetic, and social value of the outlines of clothing,
considering them not only as visual forms but also as carriers of identity, style, and historical heritage.

Pregnancy is a period of significant physiological changes that affect the contours and visual
perception of the female body. These transformations lead to a dynamic evolution of characteristic body
proportions, which has direct implications for the design and functionality of garments designed for
pregnant women.

Figure 1 presents typical contours observed in pregnant women, which are classified by visual
categories such as A-, H-, O-, T-, and X-shaped configurations.

ftfnin

A-configuration H-configuration O- configuration T- configuration X- configuration
Fig. 1: Visual body configurations during pregnancy

These categories often overlap with established body types in fashion theory, including pear-
shaped, hourglass, apple-shaped, and rectangle-shaped [17]. The A-shaped configuration is associated
with wider hips and narrow shoulders, characteristic of early pregnancy, when the pelvic region begins
to widen [18]. The H-shaped proportions, with evenly distributed lines, often transform into an O-shaped
structure in the later stages of pregnancy due to central volume accumulation [19]. The T-shaped
configuration, although less common, is observed in women with an athletic build and may undergo
visual changes as gestation progresses [20]. The X-shaped construction, resembling an hourglass, is
more stable in early pregnancy but gradually changes as the abdomen grows [21]. The transformations
presented are important for the creation of adaptive and aesthetic garments that meet the needs of
pregnant women at different stages of gestation. The choice of clothing during pregnancy is a complex
process that combines physiological needs and psychosocial factors, reflecting the identity, emotional
state, and social role of the woman. Leading criteria in the choice of clothes are comfort, softness of
fabrics, and their ability to adapt to body changes.

Figure 2 presents basic outerwear that pregnant women prefer, among which are blouses, shirts,
tunics, cardigans, sweaters, sweatshirts, jackets, coats, and blazers, as well as specialized corsets and
bustiers. Blouses, shirts, and tunics are usually made of soft and elastic fabrics that provide freedom of
movement and easy adaptation to the growing belly and are often distinguished by pleated or loose cuts,
creating visual balance and comfort [22]. Cardigans, sweaters, and sweatshirts provide warmth and
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layering, which is important during hormonal changes that affect body temperature, while also creating
a sense of comfort and protection, which is psychologically significant for the pregnant woman [23].
Jackets and coats, as outerwear, are designed with additional space in the abdominal area and more often
include adjustable elements, fulfilling not only a thermal but also a social function, emphasizing the
identity of the expectant mother [24]. The jacket and blazer, although less commonly worn, find
application in professional environments, adapting through elastic panels or a loose fit, allowing the
woman to maintain her professional role and self-confidence [25]. Corsets and bustiers, traditionally
associated with body shaping, are used with caution during pregnancy, with medical recommendations
limiting their use unless specifically designed to support the back or pelvis, and in some cases corrective
belts are used to relieve back pain, but not for aesthetic purposes [26].

Blouse Shirt Cardigan
Sweatshirt Corset Jacket Jacket Coat

Fig. 2: Clothes more often worn by pregnant women

Pregnancy is a period of intense physical and emotional changes that require clothing that

combines comfort, adaptability, and aesthetics. Maternity clothing influences how a woman perceives
her body and feels at different stages of pregnancy. Figure 3 shows the main maternity clothing
categories, which are grouped into five categories.
These categories include comfortable and loose cuts such as oversized and cape, adaptive constructions
such as wraps and lace-up models, visually balancing designs with pleats and accents around the bust,
stable and supportive solutions such as straight and padded structures, and upper construction elements
such as sleeves, straps, and polos.

Choosing the right maternity clothing ensures both the physical comfort and psychological well-
being of the pregnant woman [4, 17, 27, 28]. Maternity clothes suitable for the entire period of
pregnancy combine comfort, adaptability, and visual balance, with the most functional being loose and
adjustable shapes. These are A-shaped, trapezoidal, oversized, wrap clothing ("hug me"), as well as
models with ties, buttons, or zippers, which provide space in the abdominal area and adapt to the
changing dimensions of the body. These designs do not restrict movements, assist thermoregulation,
and are also applicable during the breastfeeding period. Maternity clothes with visual accents, such as
pleats, gathers, and emphasized lines under or above the bust — create aesthetic harmony and increase
the woman's confidence by distracting attention from the areas with the greatest changes. More structural
shapes of maternity clothes, such as straight and box, can offer stability and support in the second and
third trimesters. Suitable for the entire period of pregnancy are those garments that provide flexibility,
comfort, and adaptation, without compromising the personal style and self-esteem of the expectant
mother.

The review of available literature sources shows that research is mainly focused on visual
classification, cultural interpretation, and automated recognition, but to a lesser extent they take into
account the specific physiological and psychological needs of the pregnant woman. There is a lack of
an integrated approach that combines aesthetics, functionality, and quantitative assessment of clothing
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related to pregnancy. This necessitates the development of a systematic methodology for the
classification and assessment of clothing for pregnant women, which would reflect the real requirements
of this consumer segment and support the creation of adaptive and comfortable design.

asymmetrlc Strapless Bomber

Gathers and Above the
s bust

Rusd Two rows of Cardigan-

conﬁguratlon draperies buttons dress

Cloak Unlined Oversize

Corset

Under th ust

Tight-fitting Straight
. With ties at . . . With zipper at
Slim-fit Hourglass the front With belt With straps With sleeves the front
Free Shortened Trapezoidal Extended

Fig. 3: Clothes for pregnant women

The aim of this work is to systematize the classification of clothing for pregnant women, based
on functional and aesthetic criteria, geometric indices, and machine learning algorithms. It is necessary
to identify appropriate clothing that meets the physiological and psychological needs of women during
pregnancy and after childbirth.

2. MATERIAL AND METHODS

The classification of maternity clothing includes coded designations, grouping by functional
and aesthetic criteria, and evaluation with geometric indices. Feature selection and machine learning
methods were used to determine the informativeness and accuracy of the classification. Table 1 shows
the designations of maternity clothing. Each garment is designated by a code (CS1-CS32) and a short
name reflecting its design features and decorative elements.

Table 1: Designations of clothing for pregnant women

Ne Name Ne Name Ne Name Ne Name

CS1 A-line CS9 Box CS17 Underbust CS25 With belt
CS2 Asymmetrical CS10 Pleated CS18 Padded CS26 With straps
CS3 Strapless CS11 Above Bust CS19 Sleeve CS27 With sleeves
CS4 Bomber CS12 Cloak CS20 Straight CS28 | With front zipper
CSS5 | Ruffles and Drapery | CS13 Unlined CS21 Wrap CS29 Free
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CS6 Double Breasted CS14 Oversized CS22 Slim CS30 Short
CS7 Vest-Dress CS15 Peplum CS23 Hourglass CS31 Trapezoidal
CS8 Corset CS16 Slim-Fit CS24 Tie-front CS32 Extended

Table 2 shows the designations of garments more often worn by pregnant women. The
suitability of these garments for pregnant women, such as blouses, tunics, vests, and coats, is explained
by their ability to adapt to anatomical changes during pregnancy, providing comfort, freedom of
movement, and ease of dressing. On the other hand, corsets and tight-fitting clothes are less used, as
they restrict movement, do not allow expansion of the volume around the abdomen, and can cause
discomfort or even pain.

Table 2: Clothing designations more often worn by pregnant women

Ne Name Ne Name
Al Blouses A6 Sweatshirts
A2 Shirts A7 Corsets
A3 Tunics A8 Jackets
A4 Vests A9 Jackets
AS Sweaters Al0 Coats

The criteria described in Table 3 were used to group maternity clothing. These criteria were
used to classify garments according to their functionality and aesthetics from a pregnancy perspective.
Each group (G1-G5) reflects a specific aspect of design—from physical comfort and adaptability to
body changes to visual balance, structural support, and stability in the upper body. A brief description
of each group, typical construction and decorative elements, as well as the main function that the given
criterion performs in supporting the needs of a woman during the different stages of pregnancy and
postpartum, is provided.

Table 3: Criteria for grouping clothing for pregnant women

Ne Criteria Description Typical elements Main function
G1 Comfort and Space and movement Loose fit, oversized, capes, | Physical comfort and thermoregulation
freedom P cardigans, bombers in the 2nd and 3rd trimesters
. Adjustment to body Wrap cuts, ties, buttons, Flexibility during pregnancy and
G2 Adaptability changes zippers, belts postpartum (incl. breastfeeding)
G3 | Visual balance Harmony gnq aesthetic Asymmetry, ruffles, pleats, . Supports a woman's self-esteem,
deviation under/over bust accents diverts attention from areas of change
Structural Support and visual Corset and straight shapes,
G4 support design box silhouette, belts, lining Posture support
Upper comfort and Provides comfort, style and stability in
G5 | Upper structure stability Straps, sleeves, polo collars the chest and neck area

The typical garments for pregnant women were grouped by three specialists in the subject area
independently of each other. They have diverse but complementary professional experience in the field
of fashion design, with a focus on adaptive and functional design, medicine, and the trade of maternity
clothing.

A total of 24 coefficients per object in an image were used [29]. The coefficients (K1-K24) can
be grouped according to the geometric and metric characteristics they describe. Groups K1, K3, K4, K5,
K6, and K15 include coefficients related to the ratio between the perimeter (P) and the area (A) of the
figure, which is an indicator of compactness and deviation from the ideal shape. Groups K2, K10, K16,
K18, and K20 contain coefficients based on the ratio between the major and minor axes of the garments
(D and d), expressed as dimensionless ratios. Groups K7, K9, K11, K12, and K14 describe differences
and ratios between D and d, using combined or transformed relationships, including roots and
polynomials. Groups K13, K19, K21, K23, and K24 describe the relationship between diameters and
perimeter, estimating external density or extensibility. Finally, K22 uses volume (V) together with
diameters, thus presenting a sufficiently detailed assessment of clothing.

The geometrical clothing coefficients (indices) have the form:
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where d is the minor axis of the garment; D is the major axis of the garment; P is the perimeter; A is the
area; Aidcal 1S the ideal area calculated along the major and minor axes of the garment; Amr is the area
of the rectangle enclosing the garment; V is the volume calculated along the major and minor axes.

The informativeness of the clothing indices for pregnant women was determined using the
FSRNCA, RreliefF, and SFCPP selection methods. FSRNCA (Feature Selection for Classification and
Regression by Neighboring Component Analysis). This method identifies the most appropriate clothing
indices obtained in such a way as to minimize the prediction error [30]. RReliefF is used for feature
selection in regression tasks. It evaluates the importance of features based on their ability to distinguish
data that are close to each other [31]. This algorithm is suitable for assessing the significance of features
for distance-based models. SFCPP (Selection of Features with Comparable Predictive Power). A feature
selection method that identifies features with similar predictive power while reducing data redundancy
[32]. Informative indices are those that have weighting coefficients with a value above 0,6 [33].

To group the maternity clothes into the five proposed groups, based on their shape indices, the
following classification methods were used: k-NN, Decision Tree, Ensemble method and SVM. The k-
nearest neighbor (k-NN) method is not complex, but it is a sufficiently effective classifier that classifies
an object according to the set of its k-nearest neighbors in the feature space. It is suitable for small to
moderate-sized data sets, where a long training process is not required [34]. The decision tree is a widely
used method due to its interpretability, ability to process both numerical and categorical data, and
sufficiently good efficiency for moderate-sized data sets. It represents a hierarchical structure, which
facilitates the visualization of the classification process [35]. The ensemble method combines multiple
weak classifiers (e.g. decision trees) into a single strong model, improving accuracy and robustness on
small and noisy datasets. The method reduces variance through techniques such as Bagging and
Boosting. Especially for more complex class boundaries, ensemble models have significantly better
performance compared to single classifiers [36]. Multiclass SVM with ECOC strategy. The fitcecoc
function in MATLAB implements the Error-Correcting Output Codes (ECOC) approach for multiclass
classification by binarizing the problem and using binary classifiers as SVMs. The method is efficient
on a large number of classes and shows reasonably good robustness against noise [37].

The classification accuracy is estimated by the following formula:

Accur acy = N 100, % (25)
— X 0,
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where TP (True Positive) The model correctly predicts a positive class; TN (True Negative) The model
correctly predicts a negative class; FP (False Positive) The model incorrectly predicts a positive class;
FN (False Negative) The model incorrectly predicts a negative class; TP+TN are the correctly classified
data; FP+FN are the incorrectly classified data.

12. RESULTS

An analysis was made of the possibility of combining garments more often worn by pregnant
women and the types of garments into which they can be made. Table 4 presents the average ratings of
three specialists in the subject area, on a scale from 1 to 5. "0" marks the combinations of clothes that,
according to the specialists, are not recommended for wearing by pregnant women. According to the
results presented by the specialists in the subject area, the lower ratings for some of the combinations of
clothes for pregnant women are due to several factors. Combinations with low ratings (e.g., CS3, CSS8,
CS16, CS23, CS30) refer to clothes that are not suitable during pregnancy, as they restrict movement,
tighten the body, or are not functional. For example, corsets (CS8) or tight-fitting clothes would be
extremely uncomfortable and unhealthy for the growing belly. Lower scores for other combinations
(e.g., CS4, CS6) may be explained by decreasing comfort during different stages of pregnancy, where
clothes that were suitable at the beginning become impractical later. At the same time, high scores (5)
for combinations such as CS1, CS2, CS5, CS9, and CS10 are given to versatile and comfortable
garments, such as A-line loose tunics, expandable shirts, or oversized sweaters, which provide space
and comfort throughout the pregnancy.

A grouping of maternity clothing was made by three specialists in the subject area. The results
are presented in table 5. In all cases, the specialists have the same opinion about the groups in which the
clothing falls, except for GS11, which according to two of the specialists falls into group G3, and
according to the third, falls into group G5. This clothing is placed in group G3.

The groups into which maternity clothing is distributed were used as the basis for the selection
of informative indices. The results of this selection are shown in Figure 4. Table 6 presents the selected
clothing indices for pregnant women. Using the FSRNCA method, 9 indices were selected, which have
weight coefficient values above 0.6. Using the RreliefF method, 7 of them are informative. Using the
SFCPP method, the most were selected compared to the other methods — a total of 10 clothing indices.

The misclassified data are shown in red and bold. In this method, the best results compared to
the others are achieved by the ensemble model, which classifies all garments correctly—100% accuracy.
SVM also performs stably with fewer errors, while Decision Tree and especially k-NN show
significantly lower accuracy. kNN allows 17 errors, making it the weakest model. The results show that
the FSRNCA-selected garment indices can be used effectively when processed with ensemble
approaches, but not so much with simpler models such as k-NN.

Table 4: Averaged assessments of specialists in the subject area regarding possibilities for combining clothing
more often worn by pregnant women and the types of clothing.

Clothes | ;| A3 | A3 | A4 | A5 | A6 | A7 | A8 | A9 | A10 Clothes | ;| A3 | A3 | A4 | A5 | A6 | A7 | A8 | A9 | AT0
Types of ¢ Types of ¢

Cs1 s 5|5 |2al2]o0]3[5]2 Cs17 s 55 2220331
CS2 s 55341 o121 CS18 0JoloJloloJlo]o]o[3][3
CS3 0lolololoJo]oJolo] o CS19 3/ololo]3]1]o]lolo] o
CS4 0]loloJloloJlo]oJo[3]2 CS20 5| 5434|3233 ]3
CS5 545341 o331 cs21 5 551232033 ]2
CS6 1]2]0]lo]lo]o]o[3][3]3 Ccs22 IT]1]o]lol2]2]0]o]o] o
CS7 0lo[3|3]0oJo]oJolo] o CS23 0JoJololoJloloJolo] o
CS8 0lolololoJo]loJolo] o CS24 5 552323333
CS9 5 553432344 CS25 33|33 |2]2123[3]3
CS10 555342 0331 CS26 2]o0l2]o]ololoJolo] o
csii 55522210331 Ccs27 5|5 (5343|2333
CS12 0]oloJloloJlo|lo]o|[3][3 CS28 5552320333
CS13 5553430333 CS29 5|5 (5343|0333
Cs14 5 553432333 CS30 0JoJloloJlololoJo]lo] o
Cs15 2 2[3]o]loJo]oJolo] o CS31 5552330331
CS16 0JolololoJo]oJolo] o CS32 5|5 (53 ]a4a[3]o0]3][3]3
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Table 5: Grouping of maternity clothing by specialists

Clothes S1 S2 S3 Total Clothes S1 S2 S3 Total
CS1 1 1 1 1 CS17 3 3 3 3
CS2 3 3 3 3 CS18 4 4 4 4
CS3 5 5 5 5 CS19 5 5 5 5
Cs4 1 1 1 1 CS20 4 4 4 4
CS5 3 3 3 3 CS21 2 2 2 2
CS6 2 2 2 2 CS22 5 5 5 5
CS7 1 1 1 1 CS23 4 4 4 4
CS8 4 4 4 4 CS24 2 2 2 2
CS9 1 1 1 1 CS25 2 2 2 2

CS10 3 3 3 3 CS26 5 5 5 5
CS11 3 3 5 3 CS27 5 5 5 5
CS12 1 1 1 1 CS28 2 2 2 2
CS13 1 1 1 1 CS29 1 1 1 1
CS14 1 1 1 1 CS30 3 3 3 3
CS15 3 3 3 3 CS31 1 1 1 1
CS16 5 5 5 5 CS32 1 1 1 1
CSx-characteristic maternity clothing; Sx-specialist number
1,0
09
08
07
L 06
2os
04 ﬂ
03
02 ﬂ ﬂ SFCPP
0.1 ' ' 7, RReliefF
0:0 g & y s s suc
KI K2 K3 KA K5 K& K7 K8 K9 K10 K11 K12 K13 K14 K15 K16 K17 K18 K19 K20 K21 K22 K23 K24
Form index
EFSRNCA M RRelieff @SFCPP
Fig. 4. Results of clothing geometrical index selection for typical maternity clothing
Table 6: Selected clothing geometrical indices relative to typical maternity clothing items
Index
Method K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11 K12
FSRNCA + + + + + +
RReliefF + + + +
SFCPP + + + + + +
Index
Method K13 K14 K15 K16 K17 K18 K19 K20 K21 K22 K23 K24
FSRNCA + + +
RReliefF + + +
SFCPP + + + +

Figure 5 presents the results of classification by a vector of indices selected with the FSRNCA
method.
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Fig. 5: Classification results of clothing geometrical indices selected with FSRNCA method
k-NN (k-nearest neighbors); DT-decision tree; E-(Ensemble) Ensemble method; SVM-support vector method

Figure 6 presents the results of classification by a vector of indices selected with the RReliefF
method. Again, the ensemble model stands out with a sufficiently efficient classification — 100%
accuracy. SVM and Decision Tree show similar results, with a moderate number of errors, while k-NN
again performs the worst. Although RReliefF manages to extract relevant features, its efficiency strongly
depends on the chosen classifier. Ensemble methods make the best use of the selected features, while
kNN remains sensitive to noise and class proximity.

Figure 7 presents the results of classification by a vector of indices selected using the SFCPP
method. The results using indices selected using SFCPP coincide with those from RReliefF, which
suggests that the selected features lead to a similar differentiation between classes. The ensemble model
again demonstrates sufficiently effective classification, while SVM and Decision Tree are of moderate
accuracy, and k-NN has the most errors. This shows that SFCPP is a reliable method for index selection,

but effective results are achieved only with more complex models that can capture nonlinear
dependencies between the data.
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Fig. 7: Classification results by clothing geometrical indices selected with SFCPP method
k-NN-k-nearest neighbors; DT-decision tree; E-(Ensemble) Ensemble method,; SVM-support vector method

Table 7 presents the results of the data clustering, depending on the method for selecting
garment indices and the classifier used. The presented results show that the ensemble model (E) achieves
the highest accuracy when using indices selected by all three selection methods, classifying all garments
correctly. SVM also demonstrates stable results, with a moderate number of misclassified garments,
while Decision Tree and especially kNN allow significantly more incorrect classifications. Regardless
of the method for selecting garment indices, k-NN shows the lowest efficiency due to being more
sensitive to the choice of features and the structure of the data.
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Selction method FSRNCA RReliefF SFCPP

Clothes Classifier | \ .\ | DT | E [svMm DT | E |svM DT
Real group

™

SVM

CS1
CS2
CS3
CS4
CS5
CS6
CS7
CS8
CS9
CS10
CS11
CS12
CS13
CS14
CS15
CS16
CS17
CS18

Wn|W|— == R |W|—= [ ]|— N [W|—|n|W]|—
el Ll Ll L el e e N D e e e N A e N D e e

o~
D= nlw|= == oo == o= [w]|uw]|— %

o~
D= nlw|= == oo == o= [w]|uw]|— %

B (G0 [ U | G|t | b |t | €00 |00 |t | |t | DN [ €9 [ bt (€N [ € [ et
A= (AW == (=N = (= W[ |—
D= = W|= = =W == [N |wW|w|—
A== [ = = = [N = [ | = [ DO [0 D[ W9 (W9 [ =
Dl ||| == == [ M| = [ [ |—
el el Ll el e el e e S D el e e N R e N R el e e
N N LN e N N LS R E O R Ey NS Pl | (O R (US| (S UV Y OV R o
B[N [ == = W W [ = [ [ = [ DU | = [N [ [ =
[S U U (U U U U U NG ) [y o [ 1O (3 [ O] [y ey

N

1
Table 7: Continued...
Selction method FSRNCA
Clothes Classifier DT
Real group

z

._.
=
Q
— = W= (N[N RN || T ':1:1

SFCPP

SVM

v}
—

SVM

O
—

SVM

CS19
CS20
CS21
CS22
CS23
CS24
CS25
CS26
CS27
CS28
CS29
CS30
CS31
CS32

ok [k (€0 |k (N || [N [N | [N | [N

-
— o |w|w o= |un || ==& [t —|w %
PR [W|—= o= ===t =]~
[N U FORY S Y [ [V TSI TSI N IV [ E N I I e
RN = | = [N [ [ = [N [ = [ = | = [ DN | = | =

-
—o|lwlw o= lun|o]—]— o] —]w é
BB [ | = [ B [ [ = [ DN [ = [ = | = [N [ [ =
RN | == N[N [ = [N [ = [ = [ = [ DN | = | =

-
— (o |w|w =[] == &[] —]w é
PR [W | = o i =M == [ =0 [ = |—
— = W= N[N RN || T
200 [ = | = [ro [ ho [ = [ ro [ = | = [ = [0 [ = | =

Figure 8 shows the classification accuracy, depending on the method for selecting informative
indices of clothing and the classifier used. The results show that the ensemble model (E) achieves 100%
accuracy for all selection methods, while KNN and SVM perform significantly worse — with 50% and
34% accuracy, respectively. Decision Tree shows moderate efficiency with 59% accuracy. The figure
clearly illustrates that the choice of classifier has a greater impact on the accuracy of clustering than the
specific method for feature selection, since the results are identical for all three techniques.
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Fig. 8: Accuracy of classification of typical maternity clothing
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The analysis of the compatibility between the types of garments preferred by pregnant women,
in which they can be made, shows clear dependencies between functionality, stage of pregnancy, and
visual structure of the garment. Combinations with high scores (e.g., CS1, CS2, CS5, CS9, CS10) have
versatility and adaptability, offering comfort and freedom of movement throughout the gestation period.
Combinations with low or zero scores (e.g., CS3, CS8, CS16, CS23, CS30) are characterized by limited
functionality, inappropriate constructions, or excessive tightness, making them inappropriate for
pregnant women.

The grouping of maternity clothing by experts shows a high degree of consistency, which proves
the reliability of visual classification, except for single cases such as CS11, where there is a discrepancy
in the opinions of the evaluators. The selection of informative indices of clothing by three different
methods (FSRNCA, RReliefF, SFCPP) shows that the most effective results are achieved when using
an ensemble model that classifies all garments correctly, regardless of the method for selecting shape
indices.

This proves the effectiveness of ensemble approaches—their ability to capture complex,
nonlinear dependencies between features. The k-NN method offers the lowest accuracy and high
sensitivity to the structure of the data, which makes it unsuitable for tasks with high visual and semantic
variability. The accuracy of classification depends more on the model chosen for this purpose than on
the specific feature selection method. Ensemble models stand out as reliable when processing visual
data of maternity clothing, while simpler algorithms such as k-NN require further optimization or
replacement with more robust solutions.

4. DISCUSSION

Unlike theoretical and cultural studies [12, 13, 14, 15], which focus on visual and historical
aspects of clothing outlines, the present study combines visual analysis with quantitative geometric
indices, which allows for an objective classification and comparison between garments and types of
clothing suitable for pregnant women.

This paper further develops the conclusions of Shamsaei et al. [23] and Sun et al. [4] by
proposing a structured classification of maternity clothing, taking into account the adaptability, comfort,
and aesthetics needed during different stages of pregnancy. The assessments of experts and numerical
analyses in the paper objectively show which garments correspond to the needs of the pregnant woman.

This paper uses three methods for selecting informative garment indices (FSRNCA, RReliefF,
SFCPP), which build on the approaches of Zhang et al. [8] and Tsuru et al. [9], providing higher
informativeness and reducing data redundancy. This leads to more efficient classification and better
interpretation of the results.

Compared to Jiang et al. [7], which uses DeepLabV3+ for visual configuration recognition, the
present study applies ensemble models that achieve 100% accuracy in classifying maternity clothing.
This leads to an improvement in the reliability of the model and its applicability to real data.

While most cited sources consider silhouettes in a general fashion context, the present study
focuses entirely on the needs of the pregnant woman. Criteria such as adaptability, comfort, visual
balance, and structural support are included, which reflect the real requirements of this specific
consumer segment.

5. CONCLUSION

In this work, a structured classification of maternity clothing was made, based on five defined
criteria, which cover functionality and aesthetics. Each garment was analyzed using 24 geometric
indices, and their informativeness was assessed using three feature selection methods. By applying
machine learning algorithms, a sufficiently high accuracy in the classification was achieved (100% in
the ensemble method).

From the study of the available literature, it was found that structural elements such as ties,
buttons, and zippers contribute to the flexibility of the clothing and facilitate its use both during
pregnancy and after childbirth.
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It has been proven that certain garments, such as A-shaped, oversized, trapezoidal, and wrap,
provide the highest level of comfort and adaptability during the different stages of pregnancy.

Existing theoretical models were supplemented by the introduction of geometric indices of
garments, which allow for an objective classification of and assessment of their functionality.

It was found that ensemble machine learning models achieve the highest accuracy in garment
classification compared to the other methods, including k-NN, DT, and SVM, making them a reliable
tool for analysis.

The integration of geometric indices into digital tools would support the automated assessment
of maternity clothing, as well as provide additional validity of the results. The development of adaptive
and multifunctional garments, suitable for both pregnancy and the postpartum period, would meet the
need for sustainable and personalized design.
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Abstract: Nowadays, conductive yarns are widely used in various applications due to their ability to conduct
electricity while preserving the characteristics of conventional textiles. They are commonly integrated into
fabrics for antistatic protective equipment, enabling the dissipation of electrical charges and reducing risks in
sensitive settings. When metallic fibers are blended with other fibers to produce conductive yarns, two key
questions arise: what is the minimum amount of metallic fiber required to achieve adequate electrical
conductivity, and which spinning technology should be used to ensure an optimal balance between performance
and cost? The objective of the study was to evaluate the effects of the spinning technique and the metallic fiber
content on the performance of conductive yarns developed for charge dissipation in industrial settings.
Conductive yarns of 37 tex were produced by ring and rotor spinning from two cotton—stainless steel fiber blends
(96/4 and 81/19). Due to their compact structure, characterized by a high degree of fiber straightening and
parallelization, ring-spun yarns exhibited higher strength, lower elongation at break, and lower linear resistivity
compared to rotor-spun yarns. Conversely, as a result of fiber back-doubling in the rotor groove, rotor-spun
yarns showed improved uniformity in both linear density and strength. Increasing the proportion of stainless
steel fibers led to an increase in tensile strength, accompanied by a decrease in both yarn diameter and
elongation at break. At the same time, the higher stainless steel content reduced the linear resistivity of the yarn,
thereby enhancing its ability to dissipate electrical charges.

Key words: antistatic yarns, stainless steel fibers, cotton-metal fiber blends, ring spinning, rotor spinning, yarn
resistivity

1. INTRODUCTION

Electrostatic charges that build up on the surface of fabrics due to triboelectric charging can
lead to the ignition of flammable substances in explosive atmospheres, damage to electronic
components, or contamination of precision equipment in cleanrooms [1,2]. To prevent the buildup and
discharge of static electricity, conductive materials are integrated into textiles to enable efficient
dissipation of electrical charges [3,4].
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One of the solutions to obtain textiles with antistatic properties is the use of conductive yarns.
Currently, conductive yarns can be obtained through several methods: blending conductive fibers with
conventional fibers, core-spun yarn technology (wrapping a conductive filament with a sheath of
conventional fibers), twisting or plying conductive filaments with textile yarns, coating or plating
conventional yarns with conductive materials, using intrinsically conductive polymers, and
incorporating carbon nanotubes or graphene [5]. The choice of the method depends on the targeted
conductivity level, mechanical performance, comfort, durability, manufacturing cost, and final
application, such as antistatic textiles, sensors, smart textiles, or electromagnetic shielding materials
[6, 71.

In this paper, conductive yarns from blends of natural fibers, such as cotton, with conductive
fibers, such as stainless steel are analyzed. Combining the two types of fibers in a blend leads to the
obtaining of textile materials that retain the hygroscopic properties, air and water permeability as well
as the softness conferred by cotton, and at the same time ensure electrical conductivity and antistatic
protection, properties conferred by metallic fiber. Ichim et al. analyzed the properties of 29.4 tex rotor
yarns spun from cotton—stainless steel blends in different ratios (96/4, 92/8, and 88/12) and reported
yarn linear resistivity values ranging from 2.02 x 10° Q/cm to 2.1 x 10° Q/cm.

Producing high-performance yarns from such blends requires a careful selection of the
spinning technology. Ring spinning is one of the oldest and most widely used methods of yarn
production, valued for the superior quality and strength of the finished product. In contrast, rotor
spinning is a more modern method, characterized by higher production speed and lower operating
costs, but often associated with lower yarn quality [8]. In this sense, the comparison between ring
spinning and rotor spinning becomes essential, not only for optimizing the functional properties of the
yarns, but also for balancing production costs according to the requirements of the final application.

The proportion of metallic fibers has a considerable impact on the mechanical characteristics
of the yarn, such as tensile strength and elongation, while also influencing the aesthetic appearance,
uniformity and behavior in the spinning process. A content that is too low may impair yarn
performance, whereas excessive content can adversely affect hand, increase production costs, and
reduce the processability of the blend.

The objective of this research was to evaluate the effect of spinning technology and metallic
fiber content on the properties of yarns designed for antistatic protective equipment. This study
investigates the physico-mechanical and electrical properties of 37 tex conductive yarns produced by
ring and rotor spinning from two cotton/stainless steel fiber blends (96/4 and 81/19).

2. MATERIALS AND METHODS

The stainless steel fibers used in the experiments, provided by Hunan Huitong Advanced
Materials Co., Ltd. (China), were characterized by the following properties: a length of 50 mm, a
linear density of 390 mtex, a tenacity of 17.9 cN/tex, an elongation at break of 1%, and a density of
7.85 g/lem?.

The cotton fibers, supplied by the Faculty of Industrial Design and Business Management
(Romania), had the following characteristics: an average length of 27.3 mm, a linear density of 259
mtex, a tenacity of 9.6 cN/tex, an elongation at break of 6%, and a density of 1.52 g/cm?.

The stainless steel fibers, in sliver form, were blended with cotton fibers during the first
passage through the draw frame. To ensure a homogeneous distribution of the metal fibers within the
sliver cross-section, three draw frame passages were carried out.

To obtain a blend of 81% cotton and 19% stainless steel, seven cotton slivers and one stainless
steel sliver were fed into the first draw frame passage. In the subsequent passages, eight slivers of the
cotton—stainless steel blend were processed.
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To obtain a blend of 96% cotton and 4% stainless steel, seven cotton slivers and one stainless
steel sliver were fed into the first draw frame passage. In the second passage, six cotton slivers and
two slivers of the cotton—stainless steel blend were processed, while in the final passage, eight slivers
of the blend were fed into the draw frame.

Yarns were spun with a twist multiplier of 112 using common practices in cotton spinning
mills, employing both rotor spinning and ring spinning methods.

Yarn properties were evaluated under standard atmospheric conditions of 20 &+ 2 °C and 65 +
2% relative humidity. The linear density of the yarns was determined in accordance with the SR EN
ISO 2060 standard. Tensile properties were measured using a Tinius Olsen H5 K-T tensile tester
equipped with a 250 N load cell, following the EN ISO 2062 standard and using a gauge length of 500
mm. Twist measurements were carried out on a Mesdan twist tester in accordance with the EN ISO
2061 standard, using a clamping distance of 250 mm. The yarn diameter was measured using a Mesdan
microscope fitted with a Leica objective and camera, with images captured at 4x magnification.

To determine yarn resistivity, the specimen, consisting of an insulating plate around which
the test yarn was wound, was placed in contact with the bar electrodes of the measuring device. A
known voltage was applied across the electrodes, and the electrical resistance of the specimen was
measured with an accuracy of £20% using the voltmeter—ammeter method (STAS 11014-88). The
measured electrical resistance was then used to calculate the linear resistivity of the yarn.

3. RESULTS AND DISCUSSION

The properties of rotor- and ring-spun yarns with a linear density of 37 tex (Nm 27),
manufactured from cotton/stainless steel fiber blends in proportions of 96/4 and 81/19, are shown in
Table 1.

Table 1: Yarn properties

. Al: 96/4 cotton/stainless steel A2: 81/19 cotton/stainless steel
Properties - .
Ring-spun yarn | Rotor-spun yarn | Ring-spun yarn | Rotor-spun yarn
Linear density, [tex] 37.08 36.32 37.58 36.04
CV of linear density, [%] 2.69 1.48 2.17 1.18
Diameter, [um] 0.306 0.311 0.293 0.298
Twist, [tpm] 578.80 579.2 578.40 580.8
Breaking force, [cN] 374.1 234.2 431 340.7
CV of breaking force, [%] 11.89 9.92 10.26 8.30
Elongation at break, [%] 5.81 6.69 541 7.27
Linear resistivity, [Q/cm] 1.03 x 10° 1.9x10° 728.2 1392.8

The average values of the yarn linear density fall within the variation limits permitted by the
standard for a yarn with a nominal linear density of 37 tex, namely between 35.6 tex and 38 tex. The
coefficient of variation (CV) of the linear density is higher for the ring-spun yarn than for the rotor-
spun yarn, regardless of the blend. This can be explained by the fact that, in ring spinning, variations
in the mass per unit length of the fed roving are transmitted directly to the yarn. In contrast, in rotor
spinning, the fibers in the fed sliver are individualized by the action of the opening roller and
transported separately to the rotor. Within the rotor, the fibers undergo random redistribution and
blending as they are deposited in the collection groove. This process of fiber separation and blending
helps to even out the strand formed in the rotor, thereby reducing the effect of fluctuations in the fed
sliver [8,9]. Increasing the proportion of metal fibers in the yarn leads to a reduction in linear density
irregularity, as stainless steel fibers exhibit more uniform linear density than cotton fibers.
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For both blends, the diameter of the rotor-spun yarn is slightly greater than that of the ring-
spun yarn, even though the rotor-spun yarns are marginally finer. As the proportion of stainless steel
fibers increases, the yarn diameter decreases, which can be explained by the smaller thickness of steel
fibers compared to cotton fibers. However, the diameter differences between the yarn variants are
small.

Fig. 1 shows the microscopic appearance of 81/19 cotton—stainless steel yarns. The ring-spun
yarn exhibits a smooth, compact structure, with fibers that are highly straightened and parallelized,
arranged in concentric helical layers with Z twist. In contrast, the rotor-spun yarn displays a structure
composed of two distinct layers. The core consists of fibers twisted in the Z direction, while the outer
layer is formed either by fibers wrapped nearly perpendicularly around the core, creating so-called
“belts,” or by fibers with both S and Z twist directions that envelop the core in a net-like manner. Fig.
1b also highlights the presence of free loops—formed by fibers whose both ends are embedded within
the yarn mass—in the rotor-spun yarn structure. This distinct structural configuration results in greater
bulkiness compared to conventional ring-spun yarn [9,10].

Fig. 1: Longitudinal view of the yarns (magnification 4x)
a) ring-spun yarn, b) rotor-spun yarn

Table 1 shows that the breaking force of conventionally spun yarns is higher than that of rotor-
spun yarns, regardless of the blend variant. In contrast, rotor-spun yarns exhibit lower variability in
strength compared to the variation in breaking force observed in conventional yarns. This
characteristic of rotor-spun yarns ensures a reduced number of breaks during subsequent processing
stages, resulting in higher efficiency in weaving and knitting operations [11].

For yarns produced using the same spinning method, an increase in the proportion of metal
fibers leads to higher breaking force and lower variability in breaking force.

The ring-spun yarn exhibits a lower elongation at break compared to the rotor-spun yarn. In
the case of ring-spun yarn, an increase in the proportion of metal fibers results in a decrease in
elongation at break.

Figure 2 shows the force—elongation curves for ring-spun and rotor-spun yarns with a nominal
linear density of 37 tex, produced from blends of 96% cotton and 4% stainless steel (A1), and 81%
cotton and 19% stainless steel (A2), respectively.
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Fig. 2: Force-elongation curves

The force—elongation curves of the ring-spun yarns have a steeper slope than those of the
rotor-spun yarns, indicating that the ring-spun yarns are stiffer and have a higher modulus of elasticity.
This means that, at the same elongation, a higher tensile force is required for the ring-spun yarn,
confirming that it is less elastic than the rotor-spun yarn.

From Table 1, it can be observed that the linear resistivity of the conventional yarn is
approximately twice as low as that of the rotor-spun yarn. Therefore, the conventional yarn offers less
resistance to the passage of electric current, conducts electricity more easily, and generates lower
energy losses in the form of heat.

Linear resistivity depends on the internal structure of the yarn, the contact between fibers, the
distribution of conductive fibers, as well as the density and homogeneity of the yarn. The conventional
yarn is more compact, with straightened and parallel fibers arranged in helical layers, whereas the
rotor-spun yarn is more voluminous, with fibers in the outer layer arranged in a more disordered
manner. Since the contact surface between fibers is larger in the conventional yarn, its electrical
conductivity is higher, resulting in lower linear resistivity.

In ring spinning, due to the higher tension applied during yarn formation, the metal fibers are
better integrated among the cotton fibers, reducing the likelihood of fiber protrusion and improving
both durability and conductive stability. However, the process is slower, more expensive, and may
require equipment adaptations to process stainless steel fibers effectively, as these are more rigid and
abrasive than natural fibers.

In comparison, rotor spinning is faster and more economical. However, the manner in which
fibers are incorporated into the yarn—characterized by the fact that, during twisting, only one end of
the fiber is bound into the yarn while the other remains free—results in a more random fiber
orientation. Consequently, stainless steel fibers may be unevenly distributed, which can negatively
affect the conductive efficiency and stability of the yarn during use.

For the same spinning technology, increasing the proportion of metal fibers leads to a decrease
in yarn linear resistivity, and therefore to improved performance in dissipating electrical charges.

For a textile material to be used in antistatic protective clothing, its surface resistance must be
lower than 2.5 x 10° Q [12]. The linear resistivity values of all the analyzed yarns indicate their
suitability for antistatic applications. However, since this requirement refers specifically to surface
resistance, further investigation is needed to assess the behavior of fabrics produced from these yarns.
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4. CONCLUSIONS

The experimental research aimed to investigate the influence of the spinning technology and
the proportion of metallic fibers on the properties of yarns intended for antistatic protective equipment.

Owing to their compact structure, in which the fibers exhibit a high degree of straightening
and parallelization, ring-spun yarns showed higher strength, lower elongation at break, and lower
linear resistivity than rotor-spun yarns. On the other hand, due to the back-doubling of fibers in the
rotor groove, rotor-spun yarns exhibited greater evenness in linear density and strength.

An increase in the proportion of stainless steel fibers led to higher tensile strength, while both
yarn diameter and elongation at break decreased. At the same time, the rise in stainless steel content
reduced the yarn linear resistivity, enhancing its capacity to dissipate electrical charges.

In the current industrial context, any technological choice must be evaluated not only in terms
of technical performance, but also in terms of economic efficiency. Ring spinning produces yarns with
superior properties but involves higher production costs. In contrast, rotor spinning enables faster and
more cost-effective production.

The choice of spinning method should be based on a well-balanced cost—performance ratio:
where performance requirements are high, a higher price for superior yarn can be justified; conversely,
for high-volume applications with moderate requirements, a technology that optimizes costs without
significantly compromising functionality is preferable.
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Abstract: The textile and leather industries are among the sectors with the highest environmental impact
globally due to their intensive use of water and chemicals in production processes. In particular, wastewater
generated from processes such as dyeing, scouring, and tanning is characterized by high chemical oxygen
demand (COD), color intensity, salinity, and heavy metal content. The inadequacy of traditional treatment
methods for recovering these complex wastewater streams has made membrane technologies a critical solution
for sustainable resource management. This paper provides a comprehensive examination of recent
developments, innovative material designs, and full-scale field applications of membrane filtration systems (MF,
UF, NF, RO) in the textile and leather industries. While the study focuses on reactive dye and salt recovery in
the textile sector, specific application areas in the leather industry—such as chromium (Cr*') recovery,
fractional separation of calcareous wastewater, and the isolation of protein-based byproducts—are analyzed in
light of the literature.

One of the article’s key focal points is current innovations in membrane technologies. In this context, the
efficiency of thermal-supported systems—such as membrane distillation—is discussed, along with new-
generation surfaces incorporating graphene oxide and metal-organic frameworks (MOFs), as well as
nanocomposite membranes engineered with “anti-fouling” (fouling-resistant) properties. Additionally, strategic
solution proposals and cleaning protocols to address membrane fouling caused by high oil and protein loads in
leather wastewater are discussed. In conclusion, this study not only presents technical performance data but
also evaluates the contribution of membrane-integrated processes to “Zero Liquid Discharge” (ZLD) targets
and their alignment with the circular economy model from a techno-economic perspective. By identifying gaps
in literature and future research trends, the aim is to provide a comprehensive guide for both academic and
industry professionals.

Key words: Membrane technologies, Textile wastewater, Leather industry, Resource recovery, Nanocomposite
membranes, Circular economy, Zero liquid discharge.

69


mailto:cemile.kahraman@usak.edu.tr
mailto:eren.oner@usak.edu.tr
mailto:eren.oner@usak.edu.tr

ANNALS OF THE UNIVERSITY OF ORADEA
FASCICLE OF TEXTILES, LEATHERWORK

1. MEMBRANES

1.1. Membrane Technologies and Working Mechanisms

Membrane technology stands out as a transformative solution to the 21st century's global
challenges, such as energy conservation, clean water supply, and environmental protection. In its most
basic form, a membrane is a selective barrier or interface that separates two phases in contact and
controls the exchange of mass and energy between them. Unlike traditional filtration systems,
membranes can have a molecularly homogeneous (dense) or physically heterogeneous (porous)
structure. These structures, whose thickness can vary from less than a micrometer to several
millimeters, can be designed in solid or liquid, isotropic or anisotropic (asymmetric) forms. As
illustrated in Figure 1, the advanced nanoporous membrane layer acts as a selective barrier, balancing
high waterproofness with breathability, which is essential for the thermal comfort of technical textiles.

Fresh Air Flow Moisture Vapor
(Active Comfort)

Environmental Protection

(Wind & Rain)
, Performance Outer Shell
[ e ool ) _ Generic Solvent-Free
( g = -~ Bonding

Advanced Nanoporous
Membrane Layer

™ Comfort-Contact
Inner Layer

Fig.1. General membrane illustration

In membrane processes, separation performance is determined by the differences in the
transport rates of the components within the membrane matrix. This transport process is explained by
two basic mechanisms, depending on the driving forces acting within the system and on the
morphological or chemical structure of the interface..

In the "Pore-Flow / Sieving Model", which is dominant in porous membrane processes such
as Microfiltration (MF) and Ultrafiltration (UF), separation is primarily based on the size exclusion
principle; that is, whether particles can physically pass through the membrane pores is the determining
factor. This convective transport is typically described by a modified form of Darcy’s Law:

. . dp
]l—KCldx 1)

where Ji is the flux, K' is the permeability coefficient, c; is the concentration of component i, and
dp/dx represents the pressure gradient.

On the other hand, in the "Solution-Diffusion Model", which forms the basis of dense
membrane processes such as Nanofiltration (NF), Reverse Osmosis (RO), Pervaporation, and Gas
Separation, transport occurs by the dissolution of components on the membrane surface and their
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subsequent diffusion driven by a concentration gradient. In this model, separation success depends
on the chemical affinity and molecular mobility of the components to the membrane material rather

than their molecular size, governed by Fick’s Law:

. . di
]1—D1dX )

In this expression, D; represents the diffusion coefficient and dc/dx is the concentration
gradient. The fundamental driving forces that trigger mass transport within the membrane, such as
pressure, concentration, electrical potential, or temperature differences, create a "chemical potential
gradient” that enables the selective transport of substances from one phase to another. The overall
separation efficiency is quantified by the rejection coefficient (R), defined as:

R=(1-2)+100% 3

where ¢, and crrepresent the solute concentrations in the permeate and feed streams, respectively.

1.2. Industrial Importance: Sustainability within the Framework of the "Green Deal"
and Advantages of Membrane Technologies

The textile and leather sectors are well known for their immense global environmental
footprint, primarily driven by their intensive use of freshwater and the continuous generation of highly
polluted wastewater. The textile industry demands enormous volumes of water for sequential
manufacturing processes such as bleaching, mercerization, dyeing, and finishing. Consequently, it
discharges complex effluents characterized by high color intensity, elevated chemical oxygen demand
(COD), extreme salinity, and non-biodegradable synthetic dyes [1]. Similarly, the leather tanning
industry stands out as a major consumer of water and producer of waste, globally discharging heavy
metals (e.g., chromium), toxic sludge, and millions of tons of common salt into water bodies annually
[2]. In critical industrial zones worldwide, the unchecked discharge of untreated or partially treated
industrial effluents has led to severe ecosystem degradation, groundwater and agricultural land
contamination, and critical depletion of freshwater resources [3,4]. To mitigate this severe
environmental crisis, the textile and leather industries are among the sectors with the largest global
environmental footprint due to high water consumption and complex chemical use. In line with the
European Parliament's "New Circular Economy Action Plan" and European Green Deal targets,
membrane technology is recognized as the cornerstone of the "Process Intensification" strategy. This
strategy transforms the leather and textile industry into a modern engineering structure by designing
smaller, cleaner, and more energy-efficient production systems. The prediction that industrial water
demand will increase by 400% by 2050 places membrane-based "green" separation processes at the
center of the Green Deal targets in these sectors.

The role of membranes in this vision is built upon the pillars of energy efficiency, circular
economy, and regulatory compliance. Membrane processes, unlike traditional thermal methods, can
significantly reduce energy consumption through their "athermal" nature, which does not require
phase change or chemical additives, and directly align with the United Nations' Clean Water (SDG 6)
and Responsible Production (SDG 12) goals. Integrated membrane systems enable the recovery of
77% of water and the majority of chemicals, such as chromium, salt, and dyestuffs from textile and
leather wastewaters, making the "Zero Liquid Discharge" (ZLD) and "Total Raw Material Utilization"
concepts possible. In addition, revitalizing end-of-life membranes within the scope of a "second life"
minimizes the system's total life-cycle cost and carbon footprint. The designation of Membrane
Bioreactors (MBR) as the "Best Available Technique" (BAT) under EU directives makes this
technology a technical necessity for Green Deal compliance.
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Compared to traditional separation techniques commonly used in the leather and textile
industries, such as distillation, evaporation, and chemical precipitation, membrane systems offer
significant operational advantages. While most traditional methods require phase change for
separation and consume large amounts of thermal energy, membrane processes operate at ambient
temperature, reducing energy consumption by up to 18 times. While methods like chemical
precipitation produce high-volume toxic sludges that are difficult to dispose of, membranes not only
remove pollutants but also recover valuable raw materials with a purity that can be reintroduced into
the production cycle. The modular structure and operational flexibility of membranes allow facility
capacity to be easily increased without major construction, and they can be quickly integrated into
existing production lines thanks to their small footprint. Functionally, membranes can separate
similarly sized molecules that traditional filters cannot, with high selectivity, by exploiting differences
in chemical affinity and diffusion rates. According to life cycle assessment (LCA) data, the low carbon
footprint and the potential for recycling end-of-life modules make this technology the most
competitive solution both economically and ecologically for the complex wastewater of the textile and
leather industries.

Despite the significant advantages, industrial implementation of membrane technologies faces
several technical and economic limitations. The primary challenge is membrane fouling, especially in
the leather industry due to high protein and fat loads, which leads to a drastic decline in flux and
requires frequent chemical cleaning. Furthermore, high operational costs (O&M) remain a concern for
high-pressure systems like RO and NF, where electricity consumption for pumping constitutes a large
portion of the budget. Lastly, the chemical and thermal stability of common polymeric membranes is
limited; exposure to aggressive tanning agents or high-temperature textile effluents can cause material
degradation, necessitating costly membrane replacements.

2. CLASSIFICATION OF MEMBRANES

Membranes can be designed in a wide variety of configurations to meet the specific
requirements of industrial processes (e.g., high-pressure resistance, chemical fouling resistance,
breathability, or selective permeability). Considering applications in the leather and textile industries
and the growing sustainability focus, membrane technologies can be classified along three main axes:
material type, morphological structure, and functional application areas.

2.1 Classification by Material: Synthetic and Natural/Biopolymeric Membranes

The most fundamental element determining membrane performance and lifespan is the main
matrix used in its production.

o Synthetic Membranes: They are currently the most widely used membrane group due to
their superior mechanical strength, thermal stability, and high chemical resistance [5]. Polymers such
as Polyvinylidene fluoride (PVDF), Polyethersulfone (PES), Polyacrylonitrile (PAN), and
Polytetrafluoroethylene (PTFE) are generally preferred in industrial wastewater treatment and
textile/leather manufacturing [6]. Although PVDF stands out for its high chemical resistance and
success in separation processes, its hydrophobic nature increases its susceptibility to biofouling, so it
is often modified with agents such as chitosan, D-amino acids, or graphene oxide [7]. Furthermore,
synthetic membranes laminated with Polyurethane (PU), Thermoplastic Polyurethane (TPU), and
Polyvinyl Chloride (PVC), which are used as leather substitutes in shoe uppers and artificial-leather
applications, have set an industry standard for their mechanical properties, such as flexibility,
lightness, and abrasion resistance [8]. Figure 2 outlines the diverse core polymers used in synthetic
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membranes, highlighting their high mechanical and chemical stability which has established them as
the current industry benchmark for textile effluent treatment.
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Fig.2. General synthetic membranes diagram

e Natural and Biopolymeric Membranes (Green Membranes): Within the framework of
the Green Deal principles, biodegradable and biocompatible alternatives are rapidly gaining
importance in order to reduce the environmental burden (toxicity and microplastic problems) of
petrochemical-derived synthetics [9]. The leather and textile industries offer great potential to convert
their waste (e.g., trimming waste) into valuable biopolymers. Collagen hydrolysates and gelatin
obtained from leather waste via hydrolysis can be blended with polyvinyl alcohol (PVA) and chitosan
to form environmentally friendly composite membrane films with high water-barrier properties [10].
Additionally, chitosan, a polysaccharide obtained from crustaceans (crab, shrimp) or fungi, and
alginate, obtained from brown seaweeds, are used as highly efficient natural matrices for the removal
of dyestuffs from textile wastewater, antimicrobial textile finishing processes, and the production of
medical and wound-dressing textiles [11]. The transition toward bio-based polymers illustrated in
Figure 3 emphasizes the potential of leather waste upcycling in creating biocompatible matrices that
align with European Green Deal sustainability goals.
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2.2 Classification by Structure (Morphology): Porous, Dense, and Asymmetric
Membranes
e The morphological structure of the membrane directly determines the transport mechanism
(molecular diffusion or size exclusion). Primarily, these structures are classified into porous, dense,
and asymmetric membranes. Porous membranes are structures generally having open pores ranging
from 1 nm to 10,000 nm and are used in Microfiltration (MF) and Ultrafiltration (UF) processes [12].
They separate the passage of particles and macromolecules based on the "sieving" (size exclusion)
principle. Sponge-like porous membranes with macrovoids can support water vapor transmission
while maintaining their form against high mechanical stress [13,14]. As depicted in Figure 4, the open-
pore structure of porous membranes facilitates particle separation through a sieving mechanism,
providing an effective solution for pre-treating complex oily industrial wastewaters.
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Fig.4. Porous membranes description in general

On the other hand, dense, non-porous membranes are homogeneous layers with pore sizes
below 1 nm, in which transport occurs via the "solution-diffusion" model [15, 16]. These structures
enable nearly 100% removal of dissolved salts, heavy metals, and low-molecular-weight organic
pollutants from the system under high pressure, particularly in Nanofiltration (NF) and Reverse
Osmosis (RO) systems [17, 18]. The dense membrane structure and the corresponding solution-
diffusion model detailed in Figure 5 illustrate the high-efficiency removal of dissolved pollutants,
enabling the production of ultrapure process water.
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MEMBRANE STRUCTURE & CHARACTERISTICS TRANSPORT MECHANISM: THE 'SOLUTION-DIFFUSION' MODEI.
DENSE & NON-POROUS MEMBRANE POROUS MEMBRANE  Molecules cross via the ‘solution-diffusion’ model, involving dissolution, diffusi-
(Cross-section) - (Reference, > 1 nm) n through the polymer matrix, and desorption. Full citations in a separate box:
) — Membrane matrix .
A(Othman, N.H,, Alias, NH.,
- e . EEEE
~ and dis: jons S
PO skeei<ihng: dissolveintothe () & U ey g ey
> membrane surface. e fz:% f?;o lramrm
<1nm Actual pores 1 nm i e
Q Elgarahy, A M, Farghali,
PROCESS SYSTEMS: NANOFILTRATION (NF) & REVERSE OSMOSIS (R0) 2. DIFFUSION: :m. Notamed M.
o Ly 3. DESORPTION: iy
NANOFILTRATION (NF) SYSTEM Targets multi-valent ions (e.g., gh the dense 8 3 Advanced Energy and
- lad Cazg Mg*) and low MW o£g§nics gg'ymef matrix  Molecules desorb from s R
%9 [& § 1) (Mv-lons blocked, Mv-Water passes). tween polymer chains.  the permeate side. b :
: 50. N Targets emerging
Feed Permeate contaminants KEY PERFORMANCE: HIGH-EFFICIENCY REMOVAL
NF Membrane HIGH PRESSURE Dissolved Salts Heavy Metals Low MW Organics
REVERSE OSMOSIS (RO) SYSTEM INPUT (&P) »—g >99%+ >99%+ >99%+
Almost 100% removal of all dissolved Removal Removal Removal

Feed Water

salts, heavy metals, all organic pollutants (* (Kato, S ané Kansha, Y, 2024

Epveonmental %
(Mv-All blocked, Mv-Pure Water passes). Science and Polkstion Research, 31(39), pp. 51064- Permeate Dissolved Salts  Heavy Metals Low MW Organics

water  These structures enable the aimost !Om.rumloimsﬂs,
(Garcia Avia, F, Zarnbranc-Jaramilo, A, Velecela,
( ) Pure Water Production C. Coronek Sdnchez, K. and s, heavy metals, and low molecular weight organic pollutants |
L, 2025 Water Cycle, 6, pp 357-373) Permeate Water mmmmmsmwnmmmm‘:

= Yo 4

Fig.5. Dense and non-porous membranes: general explanation

Finally, forming the basis of industrial separation processes, asymmetric membranes consist
of a pressure-resistant, very thin, dense, selective top layer (skin layer) and a thicker, sponge-like,
porous bottom support (substrate) layer [19,20]. The fact that the pressure drop and the separation
process occur only on this dense, sub-micron-thick surface minimizes fluid resistance. Thus, compared
to traditional symmetric (uniform density throughout) membranes, both high selectivity and
extraordinarily high permeability are achieved simultaneously [21, 22]. The morphology of
asymmetric membranes shown in Figure 6 highlights the sub-micron skin layer where the actual
separation occurs, emphasizing how this structure minimizes fluid resistance compared to symmetric
versions.

UNDERSTANDING ASYMMETRIC MEMBRANE MORPHOLOGY & PERFORMANCE
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Fig.6. Asymmetric membranes' general morphology and performance
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2.3 Classification by Function: Wastewater Treatment and Breathable/Waterproof

Textiles
While membranes are classified solely by their driving forces in classical chemistry literature,
in the textile and leather sectors, membrane design directly serves niche "functional" targets.

e Wastewater Treatment & Resource Recovery: This function is the integration of the
circular economy and the Zero Liquid Discharge (ZLD) concept into the industry [23]. The removal
of hazardous chromium and sulfur from leather tanning wastewater, and the selective separation of
reactive/indigo dyes and salts in the textile industry for reuse (using NF and RO) are made possible
by this specific function [24]. Specially designed hydrophobic and oleophobic functional membranes
are tasked with treating complex oily industrial waters [25].

¢ Breathable-Waterproof and Technical Functional Textiles: This is a product-oriented
function preferred in sportswear, military clothing, protective equipment, and footwear. While
mechanically preventing the passage of liquid water droplets (or harmful microorganisms) from the
outside environment, they offer excellent thermophysiological comfort by allowing sweat (water
vapor) secreted from the human body to be expelled outwards through micro-pores or hydrophilic
polymer chains via diffusion [26, 27, 28]. Today, PAN (Polyacrylonitrile) and cellulose-based
membranes modified with melanin or nanoparticles synthesized from agricultural or marine wastes
(pecan nutshells, coffee grounds, etc.) are equipped with extra technical functions such as
antimicrobial and free radical scavenging (anti-aging), giving a new direction to the smart/protective
textiles market [29].

2.4 Common Methods for Membrane Fabrication

The fabrication of high-performance membranes for leather and textile applications relies

on several key industrial techniques:

e Phase Inversion: This is the most common technique for producing asymmetric membranes.
A homogeneous polymer solution is induced to separate into two phases: a solid polymer-rich
phase that forms the membrane matrix and a liquid polymer-lean phase that creates the pores.

¢ Electrospinning: This technology uses an electric field to draw charged threads of polymer
solutions into ultra-fine nanofibers. It is widely used to produce highly porous
nanomembranes with exceptional surface area for protective clothing and advanced filtration.

e Interfacial Polymerization: Primarily used for thin-film composite (TFC) RO and NF
membranes, this method involves a polymerization reaction at the interface of two immiscible
solvents, resulting in an ultra-thin polyamide selective layer on a porous support.

3. APPLICATION AREAS IN THE TEXTILE AND LEATHER INDUSTRY

Membrane technologies, thanks to their structural diversity and high separation performances,
play a critical role in the leather and textile industries, both in improving the performance of products
reaching the end consumer and in ensuring the sustainability of industrial processes.

3.1. Functional Garments: The Use of Membranes in Thermal Comfort and Protective
Clothing

In outerwear and protective technical textiles, membranes are the primary barriers that
maintain breathability (water vapor permeability) while preventing the ingress of liquid water. Today,
the market for functional apparel and smart textiles is dominated by five main polymer types, each
offering distinct morphological structures, mechanical properties, and environmental profiles. The
performance-sustainability face-off in Figure 7 highlights the technical superiority of conventional
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fluoropolymers alongside the urgent need for eco-friendly, PFAS-free alternatives in the tactical
garments market.

The Textile Membrane Face-Off: Performance vs. Sustainability
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Fig.7. Comparison of surface morphologies and cross-sections of the five main textile membranes: PU, TPU,
PES, PAN, and PTFE.

¢ PTFE (Polytetrafluoroethylene): The gold standard in this field has been expanded
polytetrafluoroethylene (ePTFE) membranes for many years. With a typical thickness of around 35
microns, ePTFE features a microporous structure containing billions of microscopic pores, providing
extraordinarily high air permeability and water vapor transmission rates (WVTR) [30]. In comparative
studies, PTFE consistently demonstrates the highest WVTR and air permeability among conventional
textile membranes [31]. However, ePTFE is a synthetic fluoropolymer that degrades very slowly in
nature and contributes to the severe environmental issue of "Forever Chemicals" (PFAS), prompting
the industry to seek fluorine-free alternatives [32].

e PU and TPU (Polyurethane and Thermoplastic Polyurethane): As highly flexible and eco-
friendly alternatives to PTFE, PU and TPU are typically applied as hydrophilic, non-porous (solid)
membranes [33]. Because they lack visible micro-pores, moisture transport occurs via a solution-
diffusion mechanism, in which water molecules bind to hydrophilic polymer chains and pass through
to the other side. While their air permeability is significantly lower than that of microporous PTFE,
they offer excellent elasticity, wind resistance, and wear resistance, making them highly suitable for
activewear and artificial leather [34, 35, 36].

¢ PES (Polyethersulfone / Polyester): PES membranes offer a strong balance of performance
and sustainability. In textile laminations, hydrophilic PES membranes (often around 15 microns thick)
exhibit higher water vapor transmission rates than standard PU membranes, ranking just below PTFE.
Additionally, PES membranes stand out with their exceptional thermal stability and mechanical
strength. Unlike ePTFE, ester-based polymers degrade much faster and are easier to recycle, making
them an eco-friendly option for outdoor applications [37, 38].

PAN (Polyacrylonitrile / Acrylic): PAN, containing a C=N group, possesses excellent thermal
and electrochemical stability along with relatively high hydrophilicity. It is particularly suitable for
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electrospinning, enabling the production of highly porous, ultra-thin nanofibrous membranes with
superior air permeability. However, PAN inherently lacks mechanical strength and flexibility, so it is
often blended with elastomeric materials (e.g., polyurethane) or used as a supporting layer to withstand
the mechanical stress of functional garments [39, 40, 41]. The performance matrix presented in Figure
8 provides a multi-axial evaluation of key polymers, allowing for the strategic selection of membrane
materials based on specific breathability, waterproofness, and environmental impact criteria.

The Membrane Matrix: Comparing 5 Key Polymers in Textile & Leather Applications
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Fig.8. Comparing five key polymers in textile and leather applications

e Thermal Comfort in Leather Garments: The thermal comfort of traditional leather
garments is also directly related to the surface treatments applied and membrane-type coatings [42].
In current studies using thermal manikins, it has been shown that water vapor resistance varies with
leather structure and the applied finishing process [43]. For example, while patent leathers, whose
surface is covered with a dense polyurethane/lacquer layer, have the highest water vapor resistance
(lowest breathability), suede leathers offer the highest breathability, keeping the body cool even in hot
climates.

3.2. Leather Processing: Recovery of Tanning Wastes and Membrane Technologies in
Leather Surface Coatings

Leather manufacturing is a process in which water consumption and chemical pollution
(especially chromium salts) are particularly intense [44]. Membrane technologies have two main
functions in managing these wastes and aesthetically enriching the leather:

e Chromium and Salt Recovery (Zero Liquid Discharge - ZLD): In the tanning industry,
only a portion of chromium sulfate salts penetrates the leather, while the rest mixes into the wastewater
[45]. By using integrated membrane systems (Ultrafiltration, Nanofiltration, and Reverse Osmosis),
chromium and valuable salts (NaCl, sodium sulfate, etc.) in these wastewaters can be separated,
concentrated, and recovered for reuse in tanning baths [46]. These systems, integrated with Reverse
Osmosis (RO), enable treated water to be reused within the process, making the Zero Liquid Discharge
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(ZLD) concept a reality for the leather sector [23].

¢ Surface Coating (Finishing) Applications: In the surface coatings (topcoats) applied to
the final layer of leather, there is a transition from solvent-based systems to water-based membrane
polymers due to environmental regulations. High-tech water-based, crosslinkable polyurethane
coatings and polymeric matrices provide high friction and water resistance without deteriorating the
natural texture (haptic properties) of the leather, while also reducing Volatile Organic Compound
(VOC) emissions to below 1% [47].

3.3 Sustainable Trends: Transition from Petroleum-Based Membranes to
Biodegradable Membranes

The textile and leather industry is on the verge of structural transformation due to
environmental pressures and regulations. At the center of this transformation lies the development of
eco-friendly alternatives to replace conventional synthetic membranes.

e The PFAS and Microplastic Problem: PTFE (Teflon) and similar fluoropolymer
membranes are called "Forever Chemicals" (PFAS) because they do not degrade in nature [48].
Fragments broken off from these membranes during washing or wear mix into water resources as
microplastics and can remain non-degraded in nature for more than 4000 years [49]. For this reason,
authorities such as the European Union (REACH) and California (AB 1817) are restricting the use of
PFAS in textiles, forcing the industry toward fluorine-free water-repellent membranes [50].

e Biodegradable Synthetics: In response to these problems, non-recyclable membranes
such as cellulose acetate (CA) or polysulfone (PSU) have started to be replaced by membranes
produced from biodegradable polymers like Poly (lactic acid) (PLA), Poly (caprolactone) (PCL), and
Poly (butylene succinate) (PBS) [51]. These green bioplastics offer a lower carbon footprint in
wastewater treatment, oil-water separation, and textile filtration than traditional materials and can
decompose into harmless components in nature at the end of their lifespans [52].

e Plant-Based and Natural Alternatives: For a completely fossil-fuel-independent
ecosystem, toxic solvent-free nanofiltration membranes based on lignin and cellulose derived from
wood industry wastes are being developed [53]. At the same time, in the leather and footwear market,
plant-based membranes and fibers synthesized from bacterial cellulose obtained through fermentation
or pineapple leaves (Pifiatex) are rapidly increasing their market share as sustainable and vegan
alternatives with high mechanical strength that do not contain toxic chemicals compared to traditional
leather and petroleum-derived artificial leathers (PU/PVC) [48, 54].

e Nanomembranes and Electrospun Nanofibers: As the industry seeks high-performance
yet sustainable alternatives, nanomembranes have emerged as a groundbreaking technology.
Nanomembrane filters produced through advanced electrospinning technology significantly
outperform traditional filters by offering enhanced filtration efficiency and breathability due to their
exceptionally high surface area-to-volume ratio and ultra-fine inter-fiber pore structure [55]. These
structures can be manufactured using environmentally sustainable, biocompatible, and biodegradable
polymers, emerging as promising candidates to replace conventional polypropylene-based or
petroleum-derived synthetic filters. Furthermore, in technical applications such as protective clothing,
"PFAS-safe" nanomembranes are successfully replacing traditional ePTFE. Recent studies
demonstrate that multi-layer assemblies based on polyimide nanomembranes not only provide a
completely fluorine-free (PFAS-free) eco-friendly solution but also exhibit significantly superior
structural integrity, particle filtration efficiency, and thermal resistance compared to conventional
PTFE membranes even after repeated washing cycles [56]. In the context of industrial wastewater
treatment, nanomembranes functionalized with graphene oxide (GO) offer ultrathin selective channels
and highly customizable surface chemistries. These advanced nanocomposite structures provide
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extraordinary water permeability and fouling resistance, standing out as one of the most powerful tools
for achieving sustainable filtration without the environmental burden of conventional synthetics [57].

4. CURRENT RESEARCH TRENDS

Current research on membrane technology in the leather and textile industries focuses on
developing bio-based and waste-sourced (waste-to-value) composite materials completely free of
PFAS (per- and polyfluoroalkyl substances), known as "Forever Chemicals," under the pressure of
strict environmental regulations implemented by the European Union [58]. Accordingly, the
integration of "green nanoparticles" derived from agricultural wastes into synthetic or natural polymer

matrices has been the most prominent research topic in recent years.
The following table summarizes the recent studies reflecting this radical change:

Table 1: Current Studies

Author and Membrane Application Key Findings
Year Material Area
Alparslan et Gelatin + Orange | Biodegrada | A gelatin matrix was blended with herbal orange leaf waste
al., 2016 Leaf Essential Oil | ble Film/ to produce a green, sustainable film/coating material that
Coating prevents microbial growth.
Tagliaro et al., Chitosan PFAS-Free Superhydrophobicity was achieved by reaching a contact
2024 Coating for | angle of 151° without the need for synthetic fluorocarbons;
Fabrics it was proven that the coating withstands up to 8 washing
cycles and is completely biocompatible with human skin
cells.
Jing et al., Collagen Fiber / Water and 100% eco-friendly and biocompatible materials based on
2021 Chitosan Oil collagen/chitosan with excellent water and oil resistance
Composite Resistant were developed without using synthetic fluorocarbons
Coating (PFAS) chemicals.
(Fluorine/P
FAS-free)
Alberto et al., GO (Graphene Oxide) + Deposition of multi-layer graphene oxide (GO) onto
2022 Oxide) + PVDF PVDF commercial PVDF membranes provided high pore-wetting
resistance to surfactants for over 40 hours without
Membrane compromising the clean-water flux.
Distillation
(Pore-
wetting
resistance)
Khader et al., PAN + Eggplant Oily Nanoparticles synthesized from eggplant waste increased
2025 Waste Wastewater the surface hydrophilicity of the PAN membrane by
Nanoparticles Treatment reducing its water contact angle, achieving 99.95% oil
(EGW) (Antifoulin separation efficiency.
g
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Garcia-Garcia PAN + Melanin | Skin Care / Electrospun membranes loaded with melanin pigment
et al., 2025 (from Pecan Functional derived from pecan nutshell waste exhibited high
Nutshell) Membrane antioxidant (82.36%) and antimicrobial properties, while
also inhibiting skin aging enzymes.
Ghadhban et PLA/PBAT + Oily Water Banana peel nanoparticles significantly improved the
al., 2024 Banana Peel Separation wettability and mechanical stability of the composite
Nanoparticles membrane, providing 95.2% oil removal in water
(BP-NPs) contaminated with diesel oil.
Nthunya et al., | Various Polymers Dye Comprehensive analysis demonstrated that integrating
2024 (PVDF, PTFE) + | Wastewater Artificial Intelligence (Al) and machine learning models
Al Integration Treatment with membrane distillation significantly optimizes dye
(MD removal efficiency and mitigates complex fouling in textile
Optimizatio effluents.
n)
Aka and Aksit, Cellulose + Flame Cellulose dissolved and transferred onto cotton fabric was
2025 Silane/Phosphate Retardant coagulated with a nano-sol-gel formulation, successfully
Nano-Sol (FR) imparting high LOI (Limiting Oxygen Index) flame
Coating for retardancy via an eco-friendly approach.
Textiles
Dolez et al., Polyimide / Smart Graphene-based conductive tracks, combined with
2025 Polyurethane + Protective sacrificial polymers (sensitive to UV, moisture, and heat),
Graphene Track Clothing were developed to monitor real-time degradation and end-
(End-of- of-life conditions of fire-protective clothing.
Life
Sensor)

The comprehensive PFAS restriction regulations (REACH restrictions) planned by the
European Union for the years 2025-2026 have made the use of conventional fluorocarbon-based
membranes in the textile and leather sectors a legal and commercial risk. Therefore, researchers have
turned to biodegradable polymers (e.g., chitosan, PLA) and "green nanoparticles" derived from
agricultural waste [59]. While traditional synthetic nanoparticles (e.g., silver or chemical TiO2) have
disadvantages such as environmental toxicity and high cost, bio-based nanoparticles obtained from
plant wastes (eggplant, banana, or pecan nutshell) enhance the hydrophilicity, fouling resistance, and
oil rejection performance of the membranes in an eco-friendly way thanks to the hydroxyl and
carboxyl groups they contain [60].

5. FUTURE PERSPECTIVE AND CONCLUSION

The textile and leather industries are currently undergoing a mandatory ecological
transformation driven by strict environmental regulations and the urgent need to mitigate their
immense water footprint. As discussed throughout this review, membrane technologies have proven
to be the cornerstone of this transition. Moving beyond simple physical filtration, these advanced
systems now serve as the primary engineering tools capable of achieving Zero Liquid Discharge
(ZLD) targets and facilitating valuable resource recovery.

Looking forward, the future of membrane applications in these sectors lies in the seamless
integration of high-performance, PFAS-free, and fully biodegradable materials. The current reliance
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on petroleum-derived polymers and synthetic fluorocarbons is no longer ecologically or legally
sustainable. Instead, the next generation of smart membranes will increasingly utilize natural polymers
and nanocomposites synthesized directly from agricultural or industrial wastes. However, a significant
engineering challenge remains achieving the mechanical strength and chemical stability in these 100%
bio-based membranes to match or exceed those of their synthetic counterparts under harsh industrial
conditions.

Furthermore, addressing the persistent bottlenecks of membrane fouling and high operating
costs is critical to broader industrial adoption. The integration of advanced nanomaterials, such as
graphene oxide (GO) and metal-organic frameworks (MOFs), alongside thermally driven processes
like membrane distillation, presents a highly promising pathway to overcome these barriers. Future
research and field applications must prioritize the techno-economic optimization of these hybrid
systems, developing dynamic anti-fouling surfaces and efficient cleaning protocols that ensure long-
term operational stability. Ultimately, membrane technologies will not merely serve as end-of-pipe
wastewater treatment tools; they will be the core drivers of a "closed-loop" industrial symbiosis,
transforming waste into high-value resources and establishing a truly circular economy in the textile
and leather sectors.

This study has been prepared to contribute to researchers in industry and academia who
investigate and implement membrane applications across various sectors. The literature reviews and
comparative analyses presented in this study, along with their detailed summaries, are expected to
contribute to membrane research.
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Abstract: Petroleum-based synthetic fibers and chemically processed human hair, both linked to excessive
resource consumption, microplastic pollution, and hazardous chemical exposure during dyeing and finishing,
dominate the global wig and hair extension market. These products are linked to carbon emissions, plastic
waste, and environmental problems at the end of their useful lives. Although natural fibers like banana and
silk offer renewable and biodegradable alternatives, their use in wig and extension systems is still
understudied. This study conducts a systematic review of the literature on sustainable hair substitutes made
from silk and banana fibers. The Preferred Reporting Items for Systemic Reviews and Meta-Analyses
(PRISMA) methodology was used to synthesize peer-reviewed studies on fiber production, extraction,
characterization, textile processing, performance evaluation, and consumer acceptance. Results show that
while silk offers better lustre, flexibility, and tactile qualities, banana fiber offers high tensile strength and is
readily available as an agricultural waste. Nevertheless, there is a scarcity of empirical research that
specifically examines their incorporation into hair wig systems. There are notable research gaps in consumer
acceptance studies, durability benchmarking, thermal styling performance, and lifecycle assessment. The
review concludes that while banana/silk hybridization is technically feasible and beneficial for the
environment, it needs multidisciplinary validation through materials engineering and market research.

Key words: Banana fiber, Hair extensions, Hair wigs, Prisma, Silk fiber.

1. INTRODUCTION

The global market for wigs and hair extensions has grown dramatically as a result of
protective hairstyling techniques, medical hair loss treatment, and fashion trends. According to [1];
[2]; [3], conventional wigs and extensions are primarily made from petroleum-based synthetics or
chemically processed human hair, both of which are linked to high energy consumption, chemical
loads, and end-of-life microplastic, all of which will have an impact on landfills. Figure 1 shows hair
extension made of synthetic material. In general, the textile industry is a significant polluter,
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contributing to persistent waste, greenhouse gas emissions, and contamination of water and soil [4];
[2]. Figure 2 shows circular economy of material for sustainability.
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Fig. 1. Synthetic hair extension [5] Fig. 2. Circular economy of material for sustainability [6]

As a result, the textile industry has embraced sustainable material paradigms that are in line
with institutionally promoted circular economy frameworks. The circular economy 5Rs (Refuse,
Reduce, Reuse, Repurpose and Recycle) are key strategies to waste minimization and optimal
resource use. The approaches create a hierarchy which first prevent consumption and moving
towards material recovery to enhance materials and products longevity, reducing pollution and
embracing conservation of resources for sustainable growth. Systematic reviews of textile
sustainability highlight the need for bio-based, circular materials and eco-design to reduce
microfiber release, effluent impacts, and waste generation [7]; [8]; [9]; [10].

Banana fiber, obtained from banana pseudostem agro-waste, is increasingly recognised as a
biodegradable, low-impact textile resource with good tensile strength, breathability, and potential to
substitute synthetic fibres in fashion applications [1]; [2]; [4]; [11]. Figure 3 shows banana fibers
extracts from three different extraction methods. Silk remains a high-value natural protein fibre
prized for lustre and drape; blending silk with other sustainable fibres is being explored to improve
functionality and reduce dependence on any single resource [12]; [13]. Figure 4 shows silk fiber and
cocoons. Table 1 shows the main attributes of banana and silk fibers. Developing research on silk
and banana blended textiles using natural dyes and bio-mordants reveals environmentally friendly
coloring and finishing techniques [13].

Fig. 3. Extracted banana fibers (a) Water retting, (b) Boiling in water (c) Caustic soda aqueous solution [14]
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Fig. 4. (a) Silk cocoon and (b) silk fiber [15]

Table 1 Key attributes of banana and silk fibers attribute

Characteristic Banana fiber Silk fiber References
Resource base Agro-waste (pseudostem, Sericulture by-product or waste silk [1]; [2]; [16]; [17];
leaves) [18]; [19]; [20];
[21].
Biodegradability = High; lignocellulosic Protein-based, biodegradable [1]; [2]; [16]; [19];
[20].
Sustainability Waste valorization, Upcycling of textile waste, high [17; [2]; [17]; [18];
reduced burning/landfill strength alternative to nylon/Kevlar [19]; [20]; [21].
Mechanical Good tensile strength, Very high strength/toughness (esp. [1]; [12]; [16];
profile moderate stiffness engineered spider silk) [17]; [19]; [20];
[21].

Natural fibers have become more popular in clothing and composite materials because they
are biodegradable, renewable, and have lower embodied carbon. Nevertheless, there is still little
scholarly research on their use in hair wig and extension systems. Although there isn't a study that
specifically assesses banana or silk fibers in wigs and extensions, evidence from textiles, circular
fashion, and PRISMA-based sustainability reviews enables the creation of a methodical, PRISMA-
aligned overview of their potential as sustainable hair product substitutes. There is increasing
pressure to switch to circular, renewable, and biodegradable fiber systems in place of these materials
[1-3], [18].

2. MATERIALS AND METHODS

This review employed the PRISMA methodology framework, which ensures a careful
search strategy, screening, suitability assessment, and synthesis. The Preferred reporting items for
systematic reviews and meta-analyses, is a guideline designed to improve the reporting of systematic
reviews. It is an evidence-based minimum set of items for reporting in systematic reviews and meta-
analyses which provides authors with guidance and examples of how to completely report why a
systematic review was done, what methods were used, and what results were found.

A systematic search was conducted across major scholarly databases for interdisciplinary
coverage of materials science, textile engineering, sustainability, and consumer studies. Searches
were restricted to peer-reviewed articles published between 2000 and 2025. The PRISMA process
involved an initial retrieval of 1,243 articles where 312 duplicates were removed leaving 931
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articles. Abstract screening excluded 701 unrelated studies and 230 full-text articles met inclusion
criteria. This is demonstrated by Figure 5. The databases that were used are Scopus, google Scholar,
Web of Science, Science Direct and PubMed. Keywords combined with Boolean operators were
used as follows; “banana fibre” OR “Musa fibre” OR “banana pseudostem” AND “sustainable” OR
“eco-friendly” OR “biodegradable” OR “life cycle” “silk fibre” OR “sericin” OR “natural silk” OR
“silk textile”. The analysis was exclusively for banana and silk fibers application in hair wigs and

extensions.
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Fig. 5: Systemic Literature review stages using PRISMA methodology

Inclusion eligibility criteria for the search involved empirical or review studies on banana or
silk fiber production and characterization, studies on natural fiber textile applications research on
sustainability assessments (LCA, carbon footprint) and the consumer behavior studies on sustainable
fashion. The exclusion criterion was based on on-peer reviewed articles, studies unrelated to textile
or fiber applications and exclusive biomedical silk research not applicable to textiles.

3. DISCUSSION

The global wig and hair extension market is dominated by petroleum-based synthetic fibers
and chemically processed human hair, which are associated with high resource use, microplastic
pollution, and toxic chemical exposure throughout processing procedures. Synthetic materials, often
produced from modacrylic and polyethylene terephthalate fibers, are not neither ecofriendly nor
sustainable. The literature consistently identifies synthetic wig fibers as environmentally
burdensome due to high carbon emissions, end of life environmental burden, petrochemical
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dependency, and non-biodegradability. Lifecycle assessments of polyester and acrylic textiles reveal
significant energy consumption and greenhouse gas emissions during polymerization and extrusion
processes. Microplastic release and landfill accumulation are made worse by end-of-life disposal of
these synthetic fibers. Natural fibers such as banana and silk present biodegradable and renewable
alternatives, yet their application in wig and extension systems remains underexplored.

Natural fiber substitutes have less impact on the environment, especially when they come
from agricultural waste streams like banana pseudostems. Banana-producing nations in Asia and
Africa have an abundance of banana fiber. High banana production volumes in sub-Saharan Africa
are confirmed by reports from the Food and Agriculture Organization, indicating the availability of
raw materials. Mechanical research shows high moisture regain, good biodegradability, and tensile
strengths between 400 and 600 MPa. However, applications needing a fine hair-like texture face
difficulties due to the fiber inherent coarseness and diameter variability. Alkali treatment increases
surface smoothness and flexibility, but if effluent management is poorly done, then environmental
challenges might overshadow the beneficial effects of the treatment.

In contrast, silk, a protein based biodegradable fiber has remarkable elongation capacity,
tensile strength, sheen and excellent moisture management the properties that makes the fiber
desirable for luxury textiles and biomedical applications. Silk fiber is sustainable evidence by
mulberry cultivation as well as degumming/finishing chemistry, where waste silk can be recycled
providing a circular route. Wet spinning of waste silk into regenerated silk fibroin fibres allows
structural control of the fiber (circular, bean-shaped, U-shaped, lumen-containing) via coagulation
conditions [20]. The morphology of degummed silk fibers demonstrate is softness when compared to
human hair. Suitability for moderate styling conditions is improved by thermal resistance up to
about 140 up to 160°C. Sericulture inputs, however, continue to make silk production resource-
intensive. Silk has a significant attribute of been protein-based and biodegradable, but sustainability
discussions raise concerns about labour intensity and land use.

Although blended natural fiber systems are rarely used in wig applications, they are
extensively researched in composite engineering. Combining plant and protein fibers can improve
their structural and tactile qualities, according to research on natural fiber blending. Silk adds
flexibility, lustre, and softness, while banana fibers provide structural integrity and tensile strength.
Performance results are strongly influenced by fiber blending ratios. This clearly is a glaring
research gap. Even so, there are no identified studies found that directly test banana or silk fibers in
commercial wig structures.

According to comparative research, natural fibers besides been biodegradable, have a lower
carbon footprint than synthetic ones. However, uniformity and durability often favor the synthetic
fiber. From the lifecycle analyses, bio-based textiles use less energy than polyester, but occasionally
more water. Therefore, cradle-to-grave evaluation, not just biodegradability, must be included in
sustainability claims. Consumer research on sustainable fashion indicates that consumers are
becoming more inclined to buy environmentally friendly goods, provided that the prices are
comparable and the products are aesthetically pleasing. The literature on the theory of planned
behavior shows that purchase intention is positively correlated with environmental concern, although
this relationship is moderated by perceived performance and affordability. There is a substantial
knowledge gap due to the scantiness of wig-specific research. Demand patterns are influenced,
especially in African markets, by cultural considerations, fashion trends, and protective hairstyling
norms.

The PRISMA methodology analysis demonstrate research gaps in regards to banana and silk
fiber hair wigs and extensions which need to be addressed. Limited empirical studies as well as
thermal styling performance data for natural fiber wig fabrication tops the list of gaps. Standardized
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testing protocols for wig durability and comfort would add weight to application of banana and silk
fiber for hair wigs and extensions. Scanty research on consumer acceptance that focus on natural
hair products and the inadequate Lifecycle assessment that is very specific to wig application need
substantial research attention.

4. CONCLUSIONS

This systematic review shows that silk and banana fibers have complementary mechanical,
aesthetic, and environmental qualities that make them viable options for environmentally friendly
hair extensions and wigs. The literature demonstrates strong potential for sustainable,
high-performance materials that align with circular economy principles. Banana fiber offers
structural strength and circular bio-economy benefits through agro-waste value addition, while silk
contributes softness, elasticity, and visual appeal.

Nevertheless, the literature remains disjointed across cultivation, materials science, and
sustainable fashion trends. No wide-ranging empirical research that currently validate banana and
silk hybrid hair wigs and extensions under laboratory and consumer-use conditions. Although no
studies yet directly target banana and silk fibers hair wigs and extensions, the underlying science
strongly supports the feasibility in application of banana and silk fibersin hair products including the
wigs and extensions as environmentally preferable alternatives to conventional synthetic hair.
Additionally, literaturein has no clear address on sustainable alternatives to synthetic hair wigs and
alternatives.

Consequently, a focused research agenda on aesthetic performance, durability under
cosmetic use, and full life-cycle impacts is necesary to translate the feasibility into commercial,
scalable sustainable hair products. It is also desirable that the future studies should integrate the
optimization of protocols for banana and silk fiber extraction and eco friendly treatment, fiber
blending and standardization of characterization for fiber properties. Life cycle assessment as well as
market feasibility and market perception studies are equally reccomnded.

In conclusion, hair wigs and hair extensions synthesized from banana and silk fibers
represent a technically conceivable pathway which is not only sustainable but is ecofriendly as well.
Nevertheless, before commercial adoption of this product, a robust interdisciplinary experimental
validation is essential. This review establishes a consolidated evidence base and classifies clear
directions for advancing sustainable hair wig technologies within a circular bio-economy
framework.
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Abstract: Thermoelectric (TE) actuators integrated into textile materials have emerged as a transformative
technology at the intersection of smart materials science, textile engineering, and flexible electronics. These
systems exploit the Peltier effect, the ability of thermoelectric junctions to generate or absorb heat under an
applied electric current, as a mechanism for thermal actuation.

When incorporated into fibrous architectures such as knits, woven fabrics, or printed textiles, TE actuators
enable precise, bidirectional, and solid-state thermal control, which can be coupled with thermoresponsive
materials (e.g., shape memory alloys, liquid crystal elastomers, phase-change materials) to produce mechanical
motion.

This review examines the fundamental principles governing thermoelectric actuation, the main classes of
materials, including inorganic semiconductors, conducting polymers, and nanocomposites, and the fabrication
strategies used to develop textile-integrated devices. Applications in wearable thermoregulation, soft robotics,
haptic interfaces, and rehabilitation exoskeletons are explored. Key challenges, such as low conversion
efficiency, mechanical durability under repeated deformation, and washability, are discussed, and future
research directions are outlined.

Key words: Thermoelectric actuator, Textile, Peltier effect, wearable electronics, flexible thermoelectrics

1. INTRODUCTION

The convergence of smart materials science, textile engineering, and microelectronics has
given rise to a new paradigm of functional textiles that actively respond to environmental or
physiological stimuli. Thermoelectrically driven actuators integrated into textile substrates have
attracted increasing interest due to their solid-state operation, silent performance, compact form, and
bidirectional thermal controllability [1, 2].

Thermoelectric (TE) devices exploit the Peltier effect: when an electric current passes through
a junction of two different semiconductors (a p-type and an n-type leg, electrically connected in series
and thermally in parallel), one junction absorbs heat while the other releases it. By reversing the
current direction, the heating and cooling sides are interchanged. This reversibility represents a
fundamental advantage for actuation, allowing the same device to both heat and cool a
thermoresponsive material, thereby generating bidirectional mechanical motion without moving parts
[3,4].

Conventional TE devices are rigid, typically using bulk bismuth telluride (Bi.Tes) legs
soldered between ceramic plates. Although efficient, such assemblies are incompatible with the
flexibility, conformability, and breathability requirements of wearable textiles. Over the past decade,
significant research efforts have focused on developing flexible and stretchable TE architectures that
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can be woven, knitted, printed, or coated onto fibrous substrates while maintaining adequate
thermoelectric performance [5, 6].

At the same time, thermoresponsive materials such as nickel-titanium (NiTi) shape memory
alloys (SMA), liquid crystal elastomers (LCE), phase-change materials (PCM), and hydrogels have
been increasingly adopted due to their ability to undergo large and reversible mechanical changes in
response to thermal stimuli. The integration of flexible TE devices with these materials enables

electrically controlled, autonomous actuators that do not require pneumatic or hydraulic systems [7,
8].

2. PRINCIPLES OF THERMOELECTRIC ACTUATION

2.1 Seebeck and Peltier Effects

The thermoelectric effect encompasses three interrelated phenomena: the Seebeck effect
(generation of voltage under a temperature gradient), the Peltier effect (heat pumping under an applied
current), and the Thomson effect (heat exchange in a conductor carrying current under a temperature
gradient). For actuation, the Peltier effect is of primary relevance, although in multifunctional textile
systems the Seebeck effect is often simultaneously exploited for energy generation [9]. The
performance of a thermoelectric material is described by the dimensionless figure of merit ZT [10]:

2
r==2 1)

where S is the Seebeck coefficient (V/K), o is the electrical conductivity (S/m), k is the thermal
conductivity (W/m-K), and T is the absolute temperature. A high ZT requires simultaneously large S
and o, and low k. In practice, these parameters are interdependent, making the simultaneous

optimization of all three challenging [1, 6].
Conductor B

Conductor A
T .
<

Teoa ¥co1d junction

Fig.1 Illustration of Seebeck effect in a thermoelectric junction

The Peltier effect, discovered in 1834, describes how an electrical current forced through a
junction of two different conductors causes one side to absorb heat and the other to release it. Reverse
the current, and the hot and cold sides swap. In practice, a thermoelectric module pairs multiple p-type
and n-type semiconductor legs electrically in series and thermally in parallel, summing the individual
temperature differentials. Traditional modules use bismuth telluride (Bi2Tes) legs sandwiched between
ceramic plates, a configuration that works well for benchtop cooling but is incompatible with the
mechanics of a sleeve or glove.
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Cooled Surface

Fig. 2 Schematic representation of the Peltier effect and directional heat flow
3. THERMOELECTRIC MATERIALS FOR TEXTILE INTEGRATION

Three broad material classes are relevant to textile-integrated TE actuators, and their practical
trade-offs are quite different (Fig. 3). The choice of material determines not only the achievable
temperature differential but also the fabrication route, the mechanical behaviour of the finished textile,
and the long-term stability under washing and repeated flexure.

| |

2 : Nanocomposites
Inorganic Conducting S
: and Hybrid
Semiconductors Polymers
Systems

Fig. 3 Classification of thermoelectric material classes for textile-integrated actuators

3.1 Inorganic Semiconductors

Bismuth telluride alloys remain the benchmark near room temperature, with ZT values of 1—
1.5 under optimal conditions. Their practical appeal for textile integration has been demonstrated by
embedding small rigid TE cuboids within flexible silicone matrices, creating so-called island-bridge
architectures. Hong et al. [4] presented a wearable TE device in which Bi-Tes legs were encapsulated
in a stretchable elastomer matrix and worn on the wrist; under natural convection, the device generated
17.5 mW at a body-to-air temperature difference of 15 K. More relevant to actuation, Wei et al. [5]
added a pin-fin elastomeric heat spreader to a similar architecture, achieving a steady-state skin
cooling of 1.5 °C via Peltier operation and a power density of 6.63 uW/cm? during energy harvesting,
showing that the same module can switch between harvesting and actuating depending on current

97



ANNALS OF THE UNIVERSITY OF ORADEA
FASCICLE OF TEXTILES, LEATHERWORK

direction. Beyond island-bridge configurations, researchers have explored embedding Bi.Tes
nanoparticles directly into yarn coatings and woven structures. Nanoparticle-loaded polyester fabrics
have been used to create dual-mode pressure and temperature sensing arrays, where the thermoelectric
voltage provides the temperature signal and the piezoresistive response of the nanoparticle network
provides the pressure signal — again within a single fabric layer [1]. The nanoparticle approach
sacrifices some ZT relative to bulk single-crystal legs (typical values fall to 0.3-0.6), but gains
substantially in mechanical compliance and compatibility with textile manufacturing. The reduction
in ZT is primarily a consequence of increased phonon and electron scattering at the numerous grain
boundaries in a nanoparticle film, alongside incomplete electrical percolation when particle loading is
below the threshold needed for a continuous conductive network. Careful control of particle size
distribution and sintering conditions can partially recover the ZT, and several groups have reported
ZT values above 0.8 in free-standing nanoparticle films, though transferring these numbers to a rough
textile substrate remains challenging. An important materials challenge shared across all Bi-Te; textile
systems is the toxicity of tellurium compounds, which becomes a non-trivial concern in skin-contact
applications and must be addressed through encapsulation or surface passivation strategies before
clinical deployment. Alternative inorganic compositions with lower toxicity including copper selenide
(Cu:Se), tin selenide (SnSe), and Bi-Sb alloys are receiving growing attention for wearable
applications, though their room-temperature ZT values currently lag behind optimised Bi-Tes [12].

3.2 Conducting Polymers

The appeal of polymers is their intrinsically low thermal conductivity, mechanical flexibility,

and compatibility with roll-to-roll or inkjet processing. PEDOT:PSS is the most studied p-type organic
TE material, while coordinated metal-organic compounds such as poly[Na(NiETT)] serve as n-type
counterparts. Massetti et al. [6] demonstrated a 32-leg textile TE device printed onto commercial
sports fabric using these two inks via stencil transfer; the device produced an open-circuit voltage of
~3 mV at AT =3 K. Scaling the design to 864 legs raised the output to ~47 mV, constituting the first
fully polymer-based, through-plane body heat harvester integrated into a wearable.
Carbon nanotube (CNT) yarns offer a complementary route. Zheng et al. [7] dip-coated CNT yarns
alternately in PEDOT:PSS and polyethylenimine (PEI) solutions to create p- and n-type legs, then
knitted them into a weft-knitted spacer fabric. At AT =47.5 K, the device achieved an output power
density exceeding 50 mW/m-K?, with a gravimetric power density of 171.7 uW/g-K™!, among the
highest reported for an all-polymer textile TE system.

3.3 Nanocompozitie si sisteme Hibride

Hybrid approaches aim to combine the high ZT of inorganic fillers with the processability and
flexibility of polymer matrices, addressing the key limitation of each material class when considered
individually: inorganic semiconductors are too rigid and brittle for textile integration, while organic
polymers alone exhibit ZT values that are too low for practical actuation [1, 11]. Nanocomposites
navigate this trade-off by dispersing high-performance inorganic nanoparticles within a continuous
polymeric or fibrous matrix, resulting in materials that are both mechanically compliant and
thermoelectrically functional.One of the more creative demonstrations in this field involves the
fabrication of thermoelectric aerogels from recycled cotton, multi-walled carbon nanotubes, and
PEDOT:PSS crosslinked with methyltrimethoxysilane. The resulting structure exhibits a dual
behavior that is highly relevant for integrated actuator systems. Under mechanical compression, the
electrical resistance changes predictably (mechanical sensing mode), while under a thermal gradient
and without any applied mechanical load, it generates a measurable thermoelectric voltage
(harvesting/actuation mode) [1]. These two responses are physically decoupled, meaning that the same
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textile element can simultaneously sense contact forces and generate or absorb heat, a combination
that is difficult to achieve with single-component materials and is particularly attractive for soft robotic
skins. Two-dimensional materials, particularly MXenes (transition metal carbides and nitrides), have
emerged as an attractive class of fillers for textile TE composites. TisC.Tx MXene exhibits electrical
conductivities exceeding 10,000 S/cm in thin-film form, along with a moderately negative Seebeck
coefficient, making it a promising n-type component in hybrid TE textiles [8].

4. FABRICATION STRATEGIES

Dip-coating and immersion impregnation are among the simplest approaches: yarns are
repeatedly passed through TE solutions to build up an miljnhy layer, after which they are incorporated
into woven or knitted structures. The main limitation is adhesion, as illustrated by the wash-resistance
results reported by Massetti et al. [6] mentioned above.

Stencil printing, screen printing, or inkjet printing enable precise geometric patterning of p-
and n-type legs on the textile surface, which is essential for multi-couple TE modules. The primary
processing challenge lies in ink rheology: textile surfaces are inherently rough, requiring a careful
balance of viscosity to prevent spreading while ensuring electrical isolation between oppositely doped
legs.

A more structurally integrated approach employs TE-active fibers or yarns as primary textile
elements. Shin et al. [9] wrapped NiTi shape memory alloy (SMA) wires in polyester fibers to prevent
short circuits, then knitted the composite yarn into looped structures for textile actuators. Atalay et al.
[11] utilized 3D digital knitting to create seamless textile actuators with integrated resistive heaters,
achieving peak forces of 50 mN at voltages below 12.5 V; the authors explicitly note that replacing

the resistive heater with a Peltier layer represents a logical next step [11].
5. CONCLUSIONS

Thermoelectric actuators integrated into textile platforms represent a promising direction for
the development of next-generation smart and wearable systems. By exploiting the Peltier effect, these
devices enable solid-state, bidirectional thermal actuation that can be directly coupled with
thermoresponsive materials to generate controlled mechanical motion.

The material landscape reveals clear trade-offs. Inorganic semiconductors such as bismuth
telluride offer high thermoelectric performance but suffer from brittleness and limited compatibility
with deformable textile systems. Conducting polymers provide excellent flexibility and processability,
although their thermoelectric efficiency remains comparatively low. Hybrid nanocomposites emerge
as a compelling compromise, combining improved electrical performance with mechanical
adaptability and multifunctionality.

Fabrication strategies play a critical role in determining device performance and durability.
While coating and printing techniques enable scalable integration, challenges such as adhesion, ink
rheology, and washability persist. Structurally integrated approaches based on thermoelectric fibers
or yarns show significant potential for improving mechanical robustness and long-term stability in
wearable applications.

Despite significant progress, several challenges remain. The inherently low temperature
gradients available in wearable environments limit power output and actuation efficiency.
Additionally, ensuring mechanical durability under repeated deformation and maintaining
performance after washing cycles are key barriers to practical deployment.
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Future research should focus on enhancing thermoelectric efficiency in flexible materials, optimizing
thermal management within textile architectures, and developing robust, scalable fabrication methods.
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Abstract: This paper examines the representation of contemporary fashion collections through a hybrid
workflow, analyzed on the basis of examples developed by students in the Fashion Design program. The study
takes as its starting point the practical value of these visual approaches in the development of the fashion
project, in the articulation of design variations, and in sustaining the overall coherence of a collection. Its
main focus lies on the relationship between the expressive dimension of fashion illustration and the digital
tools integrated successively into the process of representation.

The workflow under examination includes four stages: hand sketching, vectorization in Adobe Illustrator,
image processing in Adobe Photoshop and/or Procreate, and 3D prototyping in Style3D. The research is
practice-based and relies on a comparative framework structured around five criteria: the authenticity of
fashion illustration, the clarity of design variations, the spatial verification of garment form, the visual
coherence of the collection, and the relationship between artistic expression and digital precision. Within this
sequence, hand sketching establishes the expressive intention, vectorization organizes the formal structure,
digital processing enhances the visual density of the image, and 3D prototyping enables the evaluation of the
relationships between silhouette, volume, and the collection as a whole.

The analysis highlights the expanded role of fashion illustration within a contemporary design methodology in
which representation actively supports the exploration, refinement, and verification of visual solutions. The
contribution of the paper lies in proposing an applied perspective on hybrid representation that is relevant
both to fashion design practice and to academic training in the field.

Key words: creative process, hand drawing, fashion design, visual coherence, collection development.

1. INTRODUCTION

Recent research dedicated to digital fashion shows that the representation of clothing
collections has shifted from the sphere of final presentation toward that of the actual development of
the project. A substantial part of international research focuses on those practices in which digital
technologies intervene directly in sketching, product development, simulation, and the articulation of
the collection image. Case studies devoted to designers who work entirely or predominantly in 3D
environments demonstrate that digital tools are no longer perceived as a technical adjunct, but as a
professional medium in its own right, capable of reorganizing the design process and the status of
the author within it .

The practice of illustrating contemporary collections is defined by the circulation of the
image across several working media. The sketch remains essential at the moment when the idea is
formed, since it is here that the initial direction of the silhouette, the composition, and the
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relationship between intention and gesture are established. The collection image no longer has an
exclusively representational role, but becomes the place where the collection is visually explored [1].
The present research emerges from several years of pedagogical and practice-based observation
conducted within the Industrial Fashion Design program at the Technical University of Moldova,
where the curriculum of courses related to the digital environment is oriented toward the application
of hybrid graphic representation methods aimed at preserving the author’s imprint and authenticity.
Within this context, the present study aims to identify the digital tools that prove effective in the
development of visual representation and to examine how they can be integrated into a hybrid
workflow without affecting the authenticity of fashion illustration.

2. THEORETICAL ASPECTS

The theoretical foundations of this study draw on the contributions of Hans Belting and
W.J.T. Mitchell to image theory. Belting argues that images are inseparable from the medium that
produces and transmits them, and that any change of medium entails a redefinition of the image
itself [2][3]. Applied to fashion design, this perspective suggests that the transition from manual
sketch to digital vector and 3D simulation is not merely a technical process, but rather a series of
transformations through which the fashion image acquires successive layers of precision and spatial
coherence, without the author’s plastic intention dissolving at any stage. Mitchell, in turn, maintains
that the image functions as an active form of thought [4]; in fashion design, this means that
representation participates actively in the constitution of the collection rather than being limited to
its documentation.

The term “hybrid” does not describe the simple juxtaposition of different techniques.
Rather, it designates a mode of working in which the transition from one medium to another
constitutes the continuation of the same cognitive process through a different technical
configuration, without conceptual rupture. The digital image, understood as a processual entity,
remains permanently open to revision and reorganization, and within the hybrid workflow this
property extends beyond the digital medium to encompass the entire trajectory of the project,
including the manual stages, which may be reactivated whenever the process calls for formal
freedom [6]. Consequently, the continuous interaction between manual drawing, digital intervention,
and three-dimensional simulation leads to the emergence of a hybrid graphic language in which the
expressiveness of the artistic gesture is combined with the precision and flexibility of digital media.
This form of representation belongs neither exclusively to traditional drawing nor entirely to
digitally generated imagery, but is constituted as an intermediate visual language capable of
preserving the author’s imprint while simultaneously extending the possibilities for analysis and
formal construction within the collection [7].

The central finding that underpins the present study emerges from research conducted over
several years of academic practice in the training of young designers. Systematic observation and
comparative analysis of the visual results produced through three working modes - exclusively
manual, exclusively digital, and hybrid - have led to a general methodological argument: the hybrid
workflow is the most effective in simultaneously meeting two essential requirements of fashion
illustration, namely the preservation of the author’s imprint and the achievement of superior visual
expressiveness. Works produced exclusively through digital means showed a recurrent tendency
toward stylistic uniformity, while those created exclusively by hand preserved individual imprint but
limited the possibilities for analysis and did not allow for the spatial verification of form. Didactic
observation also confirmed that the moment at which the digital medium is introduced is decisive:
when introduced before sketching, it directs formal decisions before the idea has fully matured;

102



Ve ANNALS OF THE UNIVERSITY OF ORADEA
FASCICLE OF TEXTILES, LEATHERWORK

when introduced afterward, it becomes a tool for developing an already personalized intention, in
keeping with Kevin Tallon’s observation that digital tools should serve the gesture rather than
replace it [5] [8].

3. APPLIED STUDY: THE HYBRID WORKFLOW MODEL

The applied study confirms that the effectiveness of digital tools depends less on their
complexity and more on the position they occupy within the sequence of stages. When the digital
medium is introduced too early, there is a risk that the image becomes structured before the idea has
fully matured. When it is introduced after the manual execution of the sketch, the relationship
changes: the drawing preserves its distinctiveness, while digital intervention assumes the role of
clarification, development, and control. For this reason, the applied research has focused on testing a
hybrid model in which manual sketching, scanning, 2D digital processing, and 3D simulation form
successive stages of the same visual construction [6].

3.1. Hand sketching as the foundational stage

The first stage in developing the model remains manual work. This choice does not stem
from a sentimental attachment to traditional drawing, but from the observation that the authenticity
of the gesture what, in studio language, may be called the designer’s imprint is preserved most
faithfully in the sketch. In the initial drawing, the rhythm of the line, the degree of body stylization,
the way compositional accents are distributed, and the energy of the first formal attempt become
more clearly visible (fig.1). Research on the ideation process confirms that, at this stage, sketching
functions simultaneously as a cognitive and visual instrument, offering a space for the exploration
and testing of ideas before they undergo more rigorous processing [6]. This stage is decisive in
shaping an individual visual position, since it compels the student to formulate an initial formal
solution before entering the phase of correction, refinement, and digital finishing.

3.2. Digital processing in Adobe Photoshop and Procreate

Photoshop and Procreate operate through raster and layer-based systems, oriented toward the
manipulation of visual values color, texture, and light within a flexible framework that allows
gradual and non-destructive intervention. The focus shifts toward the visual depth of the image:
color, texture, light, emphasis, and atmosphere. Customizable brushes and the layer mask system
support flexible editing, in which areas can be hidden, revealed, and progressively adjusted without
destroying the original layer. It is precisely this flexibility that makes it possible to preserve
continuity with the hand sketch: the scanned line is not erased, but reworked and further developed
(fig.1). Photoshop and Procreate prove effective where the image requires expressive density,
confirming that the visual surface alone does not resolve the problem of the concept, but must
remain consistent with the structure already formulated.

3.3. Vectorization in Adobe Illustrator

Adobe Illustrator operates through a vector-based system grounded in mathematical curves
and control points, enabling the precise construction and adjustment of forms independent of
resolution. The program becomes useful when the drawing needs to be structurally stabilized and
translated into a form that allows precise intervention. The /mage Trace function facilitates the
conversion of raster sketches into editable vector graphics, transforming hand-drawn lines into
scalable curves characterized by contour clarity and by the possibility of accurately adjusting forms,
proportions, and relationships between elements (fig.1). This stage serves a role of ordering and
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formal clarification: it does not erase the individuality of the original sketch, but rather gives it
geometric coherence and greater usability in the process of analysis, systematic comparison, and the
development of design variants [9].

3.4. 3D Prototyping

The three-dimensional stage, carried out in Style3D, was introduced as a means of spatial
verification. The program’s ability to work with patterns, avatars, materials, and physical
simulations makes it useful for testing how well the two-dimensional image holds up when
transferred into volume [10]. This stage fulfills a clear function: to demonstrate that the illustration
developed in 2D remains coherent in relation to the body, proportion, fabric drape, and the actual
tension of the construction. Where the sketch and digital image suggested a promising solution, the
3D simulation either confirmed it or required a critical return to the previous stages (fig.1). This
feedback function is one of the most valuable contributions of the hybrid model: it prevents
premature fixation on a two-dimensional solution that later proves formally or materially
unsustainable when translated into three dimensions.

HYBRID WORKFLOW
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/5" SCANNING / 2\ PHOTOSHOP / =
HAND SKETCHING ) ( (
G 2) biGiTaL iMPORT 4) procreate 3 JRACCEERIUSIRATOR (5 ) smesp
& 7
AR R
A & !
{ | { |
| AN | NAN
VTN AT\
\ \ ‘
\ | - \ |
| b\ l\
\ \
\ \
{ 1 \ { \
\ \
I\ [\ I\
2 EXPRESSIVE EXPLORATION ! l DIGITAL PREPARATION . VISUAL ENHANCEMENT JAY)l VECTORIZATION & STRUCTURE ( 3D SIMULATION &

SPATIAL VERIFICATION
Capturing the initial idea, Digitizing the sketch Adding color, texture, Defining clean lines,
proportions, silhouette for further digital light, materiality and shapes, proportions
and designer's gesture. processing. atmosphere. and construction.

Testing fit, volume,
movement and verifying
the garment in real space.

____________________________________________________________________________________________________________________________________

ITERATION & REFINEMENT
Each stage can be revisited to refine the idea and improve the result.

Fig.1 Hybrid workflow in the digital representation of fashion illustration

4. RESULTS AND DISCUSSION

The results of the applied observations showed that the effectiveness of digital technologies
in fashion illustration depends less on their technical complexity than on the way they are integrated
into a coherent workflow. When used separately, each tool provides only a partial response to the
demands of representation. By contrast, the articulation of hand sketching, vectorization, digital
image processing, and 3D simulation into a logical sequence generates a more complete working
process, capable of supporting the exploration, comparison, refinement, and verification of visual
solutions at the same time.
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A first important result concerns the authenticity of fashion illustration. Comparative

observations showed that the author’s imprint is best preserved when the process begins with manual
sketching and digital tools are introduced only afterward. At this initial stage, the energy of the line,
the rhythm of the composition, and the individual character of the image are established. When the
digital medium intervenes too early, there is a risk that the representation becomes prematurely
formalized and less personal.
With regard to the clarity of design variations, Adobe Illustrator and Photoshop/Procreate proved
essential for the development and comparison of visual alternatives. Vectorization contributed to the
organization and clarification of the sketch structure, while raster-based processing allowed the rapid
testing of chromatic, textural, and atmospheric variations. This flexibility made it possible to
evaluate several options within the same workspace, reducing the risk of premature fixation on a
single solution (fig.2).

Fig.2. Fashion illustrations created through a hybrid workflow, from hand sketches to processing in Adobe
Photoshop/Procreate, produced by Turcu Victoria, student in Industrial Fashion Design.

Another relevant result concerns the spatial verification of garment form through Style3D.
Three-dimensional simulation enabled the testing of the relationship between silhouette, body,
proportion, and material behavior, revealing situations in which a visually convincing 2D solution
required adjustment once translated into volume. Therefore, the 3D stage does not replace the
physical prototype, but it introduces a useful intermediate form of verification that reduces the
analytical risk of premature materialization. At the same time, the simulation environment allows the
designer to evaluate the coherence between image, volume, and material behavior before the
realization of the physical garment, contributing to a more controlled and analytically grounded
design process. (fig. 3).
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Fig 3. Fashion illustrations created through a hybrid workflow, from hand sketches to processing in
Adobe Illustrator/Photoshop and three-dimensional simulation in Style3D, produced by Industrial Fashion
Design students Efros Marialina and Levitchi Cristina.

The hybrid workflow also proved effective in maintaining the visual coherence of the

collection. The continuous transition between media facilitated the evaluation of relationships
among garments, compositional rhythm, graphic accents, and the overall atmosphere. In this way,
the process supported not only the development of individual images, but also the construction of a
unified collection identity.
At the same time, the results showed that the hybrid model enables a balanced relationship between
artistic expression and digital precision. The sketch preserves spontaneity and authorial character,
while digital tools introduce clarity, control, and the possibility of revision. The effectiveness of this
model does not lie in replacing drawing with technology, but in the fact that each medium
complements the function of the other.

Another significant finding concerns the methodological importance of the sequence itself.
The observations showed that the hybrid workflow becomes most effective when the stages follow a
progression from intuition to control: hand sketching as a space of exploration, vectorization as
structural clarification, digital processing as expressive enhancement, and 3D simulation as spatial
verification. When this sequence is altered, the process tends to lose coherence, as the image may
become technically resolved before the concept has been sufficiently developed. This confirms that
the value of the hybrid model lies not only in the combination of tools, but also in the logic of their
successive use.

From a pedagogical perspective, these results are equally relevant. In academic training,
students often associate digital tools with professional finish and visual accuracy; however, the study
showed that technical refinement alone does not guarantee a strong fashion image. The most
successful outcomes were those in which students were able to preserve their conceptual intention
while moving across different media. In this sense, the hybrid workflow supports not only the
production of more coherent representations, but also the development of critical judgment, helping
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students understand when to sketch freely, when to refine, and when to verify their ideas through
digital means.

Compared with exclusively manual or exclusively digital methods, the hybrid workflow
proved superior because it combines the expressiveness of gesture with the analytical advantages of
digital media. Consequently, the results confirm that hybrid representation should be understood not
as a simple sequence of tools, but as an integrated method in which each stage plays a distinct and
necessary role in the development of the fashion project.

5. CONCLUSIONS

The applied study conducted within the framework of university teaching practice in the
Industrial Fashion Design program at the Technical University of Moldova confirms, through
systematic observation and multi-year comparative analysis, that the hybrid workflow model - hand
sketching, vectorization in Adobe Illustrator, processing in Photoshop/Procreate, and prototyping in
Style3D produces fashion representations that are more complete, more analytical, and more
spatially verifiable than the isolated use of any of these tools. This conclusion is not theoretical but
empirical: it results from the direct comparison of the visual outcomes obtained by students through
the three working methods investigated.

From the perspective of preserving the author’s imprint, the study confirms that hand
sketching is the irreducible stage of any authentic representational workflow. The energy of the
gesture, the productive imprecision of the line, and the compositional tension of the first attempt
cannot be reproduced by any digital interface without losing precisely what makes them valuable.
Subsequent digital intervention vectorization, raster processing, and 3D simulation does not replace
this value, but rather continues and amplifies it, adding levels of clarity, expressive density, and
spatial verification that manual gesture alone cannot sustain without compressing its own freedom.

The integration of digital methods into the development of fashion collections does not

imply the abandonment of graphic tradition, but its extension through technological means that
enhance the capacity for analysis, refinement, and visual communication. The real effectiveness of
these tools does not depend on their degree of sophistication, but on the designer’s critical position
toward the medium: the risks of digitalization stylistic standardization, dependence on presets, and
detachment from materiality systematically emerge when the tool is treated as a substitute for
aesthetic judgment. When subordinated to artistic intention and critical discernment, the same digital
medium can intensify precisely those qualities that fashion design consistently requires: clarity,
coherence, flexibility, and expressiveness.
The pedagogical implications of this research are direct and immediately applicable. The
development of digital competencies, in the absence of a solid foundation in artistic education, risks
producing efficient software users whose visual voice remains fragile. The relevant competence in
contemporary fashion design does not lie in the advanced technical mastery of a single tool, but in
the ability to know what one is seeking and to construct meaningful transitions between different
media while preserving the conceptual coherence and visual authenticity of the project throughout
the entire workflow. In this sense, the proposed hybrid model is not merely a position shared by
international practice, but a conclusion validated locally through years of didactic observation within
a specific context of academic training.

Future research directions include the comparative testing of the hybrid model across
different educational programs and professional contexts, the development of assessment tools
calibrated to the three parameters identified in the present study, and the investigation of how
generative tools based on artificial intelligence may be responsibly integrated into hybrid workflows
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without compromising the designer’s critical and curatorial agency. In all of these directions, the
fundamental conclusion of this research remains valid: high-quality fashion representation does not
result from tools themselves, but from the designer’s ability to orchestrate them coherently in the
service of an original visual intention.
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Abstract: The rapid growth of the global textile industry has led to a significant increase in textile waste,
raising major environmental concerns and intensifying the need for sustainable waste management strategies.
Textile waste recycling has emerged as a key component of the circular economy, aiming to reduce resource
consumption, minimize environmental impact, and promote sustainable production and consumption patterns.
This study provides a comprehensive bibliometric and historical analysis of research on textile waste recycling
using data extracted from the Web of Science database. The analysis covers the period 2000-2025 and
employs VOSviewer to map scientific knowledge structures and identify research trends. The results highlight
a significant increase in publications over the last decade, reflecting growing academic and industrial interest
in sustainable textile practices. Key research clusters are identified, including mechanical recycling, chemical
recycling technologies, circular economy frameworks, and waste management strategies. The study also
reveals the most influential authors, countries, and journals contributing to this field. Furthermore, the
historical evolution of research themes is examined, providing insights into emerging directions such as fiber
regeneration and sustainable materials innovation. The findings contribute to a better understanding of the
intellectual structure of textile waste recycling research and offer valuable guidance for future studies and
policy development.

Key words: textile waste, recycling, circular economy, bibliometric analysis, sustainability, VOSviewer, Web
of Science

1. INTRODUCTION

The textile industry is one of the largest contributors to global environmental pollution, due
to intensive resource consumption, chemical use, and large volumes of post-consumer waste [1], [2].
The rapid expansion of fast fashion has significantly accelerated textile production cycles, leading to
increased waste generation and environmental degradation [3].

Traditional linear production models based on “take—make—dispose” are no longer
sustainable. As a result, the transition toward circular economy principles has become essential in
addressing the environmental challenges associated with textile waste [4]. The circular economy
promotes material reuse, recycling, and regeneration, aiming to reduce waste and improve resource
efficiency.
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Textile waste [5], [6] recycling plays a crucial role in this transition, offering opportunities
to recover materials and reduce environmental impacts. However, the growing volume of scientific
literature in this field makes it difficult to identify key trends and research directions. Therefore,
bibliometric analysis provides a systematic approach to understanding the structure and evolution of
research in textile waste recycling.

2. LITERATURE REVIEW

Textile waste has become a critical global environmental issue due to increasing
consumption and reduced product lifespans [3]. Large quantities of textile products are disposed
of in landfills or incinerated, leading to environmental problems such as greenhouse gas
emissions, water pollution, and microplastic contamination [7].

Recycling technologies are generally classified into mechanical and chemical processes.
Mechanical recycling involves shredding and reprocessing fibers, but often results in reduced
material quality [8]. In contrast, chemical recycling enables the recovery of high-quality raw
materials, particularly for synthetic fibers such as polyester [9].

The concept of circular economy has gained increasing attention in textile research,
promoting sustainable production and consumption systems [4], [10]. Strategies such as product
redesign, recycling-friendly materials, and closed-loop systems are essential for achieving
sustainability in the textile sector [11].

Environmental assessment tools such as life cycle assessment (LCA) are widely used to
evaluate the impact of textile recycling processes [7], [12], [13]. These methods allow for a
comprehensive analysis of environmental performance across the entire lifecycle of textile products.

Despite significant progress, challenges remain in the recycling of blended fibers and the
implementation of large-scale recycling systems [14], [15]. Recent research emphasizes the need for
innovative technologies and integrated approaches to improve efficiency and sustainability [16].

3. METHODOLOGY

The bibliometric analysis was conducted using the Web of Science Core Collection
database, which provides high-quality and peer-reviewed scientific publications. A total of 883
articles published between 2000 and 2025 were selected, considering only English-language articles.

The search query included terms related to textile waste, recycling, and circular economy.
The bibliographic data were exported as plain text files and analyzed using VOSviewer, a
specialized tool for constructing and visualizing bibliometric networks.

The analysis focused on keyword co-occurrence, enabling the identification of thematic
clusters and relationships between research topics. A minimum occurrence threshold was applied to
ensure the relevance of selected keywords.

4. RESULTS: CLUSTER ANALYSIS

The VOSviewer network visualization illustrates the relationships between keywords in
textile waste recycling research. The analysis identifies three main clusters, representing distinct
research directions.

Cluster 1: Material Composition and Recycling Technologies

This cluster focuses on material properties and recycling processes, including keywords
such as fibers, cotton, polyester, and depolymerization [17], [18]. These terms reflect research on
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fiber recovery and material degradation, as well as mechanical and chemical recycling methods [8],
[15].

The presence of both natural and synthetic fibers highlights the complexity of textile waste
streams and the need for advanced recycling technologies [16]. The inclusion of depolymerization
indicates the growing importance of chemical recycling technologies, particularly for synthetic
materials [19], [20], [21].

This cluster suggests a strong research focus on: fiber recovery and material degradation
processes, mechanical and chemical recycling methods, optimization of material properties after
recycling .

Overall, it represents the technological foundation of textile waste recycling, where
engineering and material science intersect to improve recycling efficiency and product quality.
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Fig. 1: Keyword Co-occurrence Network Fig. 2: Overlay Visualization (Historical Trends)

Fig. 3: Density visualization of keyword co-occurrence in textile waste recycling research (VOSviewer)

Cluster 2: Circular Economy and Waste Management

This cluster is centered on systemic approaches to textile waste management, including
circular economy, textile waste, and waste management. The prominence of these terms reflects the
increasing importance of sustainability frameworks and resource efficiency strategies [4], [11].
The inclusion of material flow analysis indicates the growing use of quantitative tools to optimize
waste management systems [19]. This cluster reflects: closed-loop production systems, resource
efficiency strategies, policy-oriented approaches to waste management .
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The strong interconnection between textile waste and circular economy suggests that current
research is increasingly focused on transforming waste into valuable resources within sustainable
systems.

Cluster 3: Sustainability and Environmental Assessment

This cluster emphasizes environmental evaluation, including keywords such as
sustainability, life cycle assessment, and environmental impact. [22], [23]. [24]. These concepts
reflect the shift toward assessing the environmental performance of recycling systems [7], [2].

The increasing importance of LCA highlights the need for evidence-based approaches in sustainable
textile management.

Density Analysis

The density visualization reveals that the most prominent research areas are concentrated
around circular economy, textile waste, recycling, and reuse. These high-density regions indicate the
core focus of current research.

Emerging topics such as life cycle assessment and environmental impact show moderate

density, suggesting growing interest in sustainability evaluation. Lower-density areas represent
specialized or developing topics, such as material properties and advanced recycling methods.
This cluster demonstrates a shift toward: environmental performance assessment, sustainability
metrics and indicators, integrated evaluation of recycling systems. It represents the analytical and
evaluative dimension of textile waste research, linking environmental science with industrial
practices.

4. RESULTS: DISCUSSION

The bibliometric analysis reveals not only the thematic structure of textile waste recycling
research, but also a clear maturation of the field from isolated technical solutions toward integrated
sustainability-oriented systems.

The first cluster, centered on material composition and recycling technologies, reflects the
technological foundation of this research domain. The strong presence of keywords such as cotton,
polyester, fibers, and depolymerization indicates an increasing scientific interest in overcoming one
of the most critical technical barriers in textile recycling, namely the separation and recovery of
mixed-fiber materials [8], [15], [17], [18]. The growing relevance of chemical recycling methods,
particularly depolymerization, suggests a transition toward higher-value material recovery and
improved resource efficiency [9], [16], [19]. From an industrial perspective, these findings highlight
the necessity of investing in advanced recycling infrastructure capable of processing increasingly
complex textile waste streams.

The second cluster, associated with circular economy and waste management, demonstrates
that textile recycling is no longer perceived solely as end-of-life treatment strategy, but increasingly
as a systemic component of sustainable production and consumption models [4],[10],[11]. The
prominence of circular economy as a central keyword suggests that the research community
increasingly recognizes recycling as part of broader value-chain redesign and closed-loop production
systems [21], [25]. From a policy perspective, these findings support the implementation of
regulatory instruments such as extended producer responsibility, eco-design requirements, and
material traceability frameworks aimed at accelerating circular textile ecosystems [26], [27].

The third cluster, focused on sustainability and environmental assessment, reflects the
growing importance of evidence-based decision-making in textile waste management. The
increasing occurrence of keywords such as life cycle assessment and environmental impact indicates
that both researchers and industrial stakeholders are increasingly concerned not only with recycling
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efficiency, but also with measurable environmental performance [7], [12], [13], [22]. This trend
confirms the growing role of environmental assessment tools in supporting sustainable material
selection, process optimization, and strategic decision-making [23], [24].

Importantly, the interaction between these three clusters suggests that textile waste recycling
research is evolving toward convergence between technological innovation, environmental
accountability, and systemic circularity. This evolution reflects the transition from traditional
recycling approaches focused mainly on waste reduction toward integrated strategies [4], [7], [25].

However, the bibliometric analysis also reveals several emerging research gaps. Despite the
growing interest in chemical recycling and circular economy frameworks, keywords related to
digital technologies such as artificial intelligence, blockchain, digital twins, and smart waste
management systems remain relatively underrepresented. This suggests that the digital
transformation of textile recycling processes remains insufficiently explored. Furthermore, the
relatively limited presence of socio-economic and policy-related terms indicates that non-technical
dimensions of circular textile systems require further investigation.

Future research should therefore prioritize interdisciplinary approaches that integrate
advanced recycling technologies, environmental assessment methods, digital innovation, supply-
chain transparency, and supportive policy frameworks. Such integration may significantly accelerate
the transition toward sustainable textile production and consumption systems.

5. CONCLUSIONS

This study provides a comprehensive bibliometric and visual analysis of research on textile
waste recycling in the context of the circular economy, based on scientific publications indexed in
the Clarivate Web of Science database between 2000 and 2025. The results reveal three dominant
research directions: recycling technologies and material recovery, circular economy and waste
management strategies, and sustainability assessment through environmental evaluation tools.

The field has evolved from predominantly technical studies focused on fiber recovery
toward more integrated approaches that combine technological innovation, environmental
accountability, and systemic circularity. The increasing prominence of concepts such as life cycle
assessment, resource efficiency, and circular economy indicates a growing emphasis on evidence-
based and multidisciplinary solutions.

From an industrial perspective, the results highlight the urgent need for scalable recycling
infrastructures, improved sorting and separation technologies, and greater integration of digital
solutions for waste tracking and process optimization.

The analysis also identifies important research gaps, particularly in the integration of digital
technologies such as artificial intelligence, blockchain, and smart waste management systems, as
well as in the socio-economic evaluation of circular textile systems. Addressing these gaps may
significantly accelerate the transition toward sustainable textile production and consumption.

Overall, this study contributes not only to mapping the intellectual structure of textile waste
recycling research, but also to identifying strategic directions for future scientific investigation,
industrial implementation, and policy development within circular textile ecosystems.
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Abstract: The fashion industry is facing challenges related to reducing its negative environmental impact,
sustainability becoming one of the central directions of development in the contemporary textile sector. The
aim of this study is to investigate the possibility of developing a biodegradable biomaterial, specifically a bio-
based leather alternative derived from coffee grounds, intended for use in experimental fashion design. The
research includes a theoretical analysis of biomaterials obtained from organic waste and their areas of
application in the fashion industry, as well as an experimental component focused on the development,
production, and practical testing of the proposed biomaterial. As a part of the study, multiple experimental
samples were created using natural ingredients such as gelatin, agar-agar, glycerin, water, and coffee
grounds, different conditions of processing and drying being analyzed to optimize composition and structural
stability. The obtained biomaterials were evaluated from both physico-mechanical and aesthetic perspectives
by examining flexibility, handling resistance, dimensional stability, and behavior during processing. To
validate the material’s practical applicability, a wearable physical prototype was developed in the form of a
corset, confirming the feasibility of integrating the biomaterial into contemporary garment structures. The
research results confirm the potential of coffee ground—based biomaterial as a sustainable alternative for the
development of experimental fashion products and open perspectives for future research aimed at improving
mechanical performance and expanding its commercial applicability.

Key words: sustainability, bio-leather, circularity, biodegradation, textiles, innovation

1. INTRODUCTION

Sustainable fashion promotes an integrated approach in which environmental responsibility
is aligned with the social and economic dimensions of garment production. This orientation involves
rethinking how clothing items are designed, produced, distributed, and used, with an emphasis on
quality, durability, and long-term value. One of the key aspects of sustainable fashion is the selection
of materials. The use of responsibly cultivated natural fibers, recycled materials, or those obtained
from innovative alternative sources, contributes to reducing the ecological footprint. Organic cotton,
certified wool, regenerated cellulosic fibers, as well as biomaterials developed from agricultural or
organic waste, represent viable solutions for decreasing the consumption of non-renewable resources
and the pollution associated with traditional textile production processes.
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This study aims to investigate the potential of valorizing coffee grounds as a secondary raw
material for the development of a biodegradable biomaterial, specifically a bio-leather alternative
intended for applications in experimental fashion design. The research focuses on the development
of the biomaterial, the analysis of process parameters involved in its production, the evaluation of its
physico-mechanical properties, and the practical validation of its applicability through integration
into an experimental garment prototype.

2. BIO MATERIALS FROM ORGANIC WASTE

Against the backdrop of growing environmental concerns, the textile industry is increasingly
exploring alternative resources, transforming organic waste into innovative textile materials. These
solutions not only reduce pollution and the consumption of natural resources, but also support the
circular economy by promoting the “waste-to-fashion” concept whuch represent the transformation
of biodegradable residues into sustainable, aesthetic, and durable products.

Organic waste represents biological resources with high potential, generated after crop
harvesting or as a result of food processing [1]. In the last 10 years, numerous start-ups, university
laboratories, and sustainable fashion brands have demonstrated that these resources can be
transformed into high-performance textile materials, with aesthetic and technical properties
comparable to leather or synthetic fibers. Through this circular approach, fashion not only gains
access to new materials, but also achieves a reduced impact on soil, water, and carbon dioxide
emissions.

Through the application of innovative technological processes, organic waste is valorized
and transformed into sustainable biomaterials, contributing to the development of eco-friendly
alternatives for the fashion industry. Relevant examples include AppleSkin [2], made from apple
peels; VEGEA Wine Leather [3], manufactured from grape processing waste; mycelium-based bio-
leather [4], derived from the filamentous structure of fungi; SCOBY leather [5], created through
fermentation using Kombucha bacteria; bio-leather with propolis additives [6], based on
biopolymeric components and propolis; coffee-based bio-leather [7], developed by incorporating
coffee grounds into the material composition; and bioplastic derived from orange peels [8], obtained
from biopolymers extracted from citrus waste. The materials developed in this way are sustainable
and biodegradable, emphasizing the reduction of environmental impact compared to animal leather
or other synthetic materials.

3. EXPERIMENTAL PART

3.1. Material and method

The experimental research presented in this study aims to develop a bio-leather by
valorizing natural ingredients and organic waste, with a particular focus on the use of coffee grounds
as the main raw material.

The adopted methodology in this study is of experimental-artisanal matter and is based on
successive testing, direct observation, and the progressive adjustment of process parameters. Given
the innovative and experimental character of the investigated biomaterial, the study does not
exclusively aim the obtaining of a fully functional final product, but also the examiningof the
difficulties encountered throughout the fabrication process, in order to identify technological
limitations and opportunities for further optimization.

To obtain the biomaterial, exclusively natural-origin ingredients were selected, without the
inclusion of plastic, synthetic, or toxic additives, in order to ensure the full biodegradability of the
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product and its compatibility with the principles of eco-design and the circular economy. The raw
materials used in the biomaterial composition are gelatin, agar-agar, glycerin, coffee grounds, and
water.

From a methodological perspective, the research is based on the application of the
experimental method through the practical fabrication of the biomaterial, complemented by direct
observation used to monitor structural and behavioral changes during the drying process.
Comparative analysis is employed to evaluate the material’s behavior under different temperature
conditions and drying methods, while the iterative method enables the repetition of the fabrication
process and the adjustment of parameters, following the identification of defects or nonconformities.
At the same time, photographic documentation is used to record the experimental stages and to
highlight the difficulties encountered throughout the process.

3.2. Stages of obtaining coffee-based biomaterials

The process of obtaining coffee-based biomaterials has many steps, including raw material
preparation, composition development, thermal treatment, casting into molds, and drying of the
material, each stage influencing the final properties of the biomaterial. The research aimed to
establish optimal ingredient ratios in order to obtain samples with characteristics similar to natural
leather.

The basic recipe used, according to bibliographic sources [9], included 3 g of agar-agar, 20 g
of gelatin, 15 ml of glycerin, and 400 ml of water, with the mixture being boiled at approximately
80°C for 25-35 minutes.

To obtain a biomaterial sample, the following quantities of ingredients were used: 20 g of
coffee grounds, 30 ml of glycerin, 4 g of agar-agar, 20 g of gelatin, and 400 ml of water. The ratio of
ingredients was determined through repeated experiments until a biomaterial sample with properties
similar to natural leather was obtained. The ingredients were accurately weighed and placed into a
heat-resistant container, then mixed to ensure homogeneity. The mixture was heated and boiled for
20-25 minutes under continuous stirring until a viscous liquid was obtained.

Subsequently, the resulting solution was poured into a rectangular mold with dimensions of
27 x 18 cm, where it was left to dry at room temperature. After 3 days, the material was removed
from the mold and placed under a press for a period of 7 days to ensure dimensional stabilization
and to prevent deformation. The drying process was monitored to avoid the formation of possible
imperfections.

Although the results obtained were satisfactory, replication of the process revealed several
technological difficulties. At temperatures between 25-30°C, cracks and fractures become visibls
(Figure 1a), a phenomenon associated with rapid water loss and irregular material shrinkage. Under
lower temperature conditions, between 12-16°C, mold growth was detected, caused by high
humidity and prolonged drying time (Figure 1b). Additionally, differential drying between the edges
and the center of the molds was noted, a phenomenon determined by the uneven distribution of
coffee grounds in the composition and variations in the particle size of the solid components (Figure
Ic).

b)

Fig. 1: Biomaterial samples
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Samples that exhibited defects, such as cracks or biological contamination, were reintegrated
into the process through reprocessing. They were dissolved by adding a small amount of water,
reheated for 5—7 minutes until a homogeneous composition was obtained, and subsequently reused
for casting new experimental samples.

The research results demonstrate that obtaining bio-leather is a process that requires
successive adjustments and careful monitoring of each technological parameter. Although
difficulties such as mold growth, uneven drying, cracking, or texture variations were identified,
these can be mitigated through optimization of the composition, control of material thickness, and
regulation of drying conditions.

3.3. Analysis of the proprieties of the experimental biomaterial

After obtaining the coffee ground—based biomaterial, its physical, mechanical, and aesthetic
properties were evaluated to determine its compatibility with specific applications in fashion design.
It was used methods as the experimental and practical methode, being conducted through direct
observation, manual manipulation, and comparative testing between the obtained samples.

To validate the obtained biomaterial from a scientific perspective, it was subjected to
biodegradability and thermal stability tests. For the assessment of biodegradability, the material was
immersed in an aqueous environment for 24 hours and subsequently left to dry for another 24 hours.
A surface mass reduction of approximately 40% was observed, allowing an estimated complete
degradation time of about 60 hours.

The melting temperature of the biomaterial was determined to be 85°C.

The flexibility of the biomaterial was analyzed through repeated bending test. The results
indicating that the samples from initial experiments exhibited high rigidity and rapid cracking, while
the optimal sample demonstrated satisfactory elasticity and structural stability. This behavior was
supported by the appropriate proportion of glycerin and the reduced amount of coffee grounds,
which contributed in the development of a more uniform structure.

The resistance to the usage was evaluated through manual tensile tests, with the biomaterial
demonstrating suitable properties for decorative uses, surface applications, and conceptual fashion
elements, but limitations in areas subjected to high mechanical stress. Physical and mechanical
testing of the biomaterial using standardized methods (tensile strength, elongation) represents a
future research direction.

From an aesthetic perspective, the biomaterial exhibits a natural organic texture and a visual
appearance similar to matte or semi-gloss leather. The surface quality was found to be directly
influenced by the degree of coffee grounds grinding, with finer particles leading to more uniform
and homogeneous surfaces.

Regarding to processability, the biomaterial allows cutting, perforation, and sewing
operations, demonstrating good performance when technical parameters are adapted to its structure.

3.4. Results and discussion

The obtained results confirm that the coffee ground—based biomaterial can be integrated into
simple garment structures, such as applications, decorative panels, or modular elements, validating
its potential as a sustainable alternative for the development of experimental fashion prototypes. To
validate the obtained results, it was decided to create a physical clothing prototype in the form of a
corset.

In the preliminary stage, prototyping of the design and pattern development were carried out
digitally using the CLO 3D platform, which enabled dimensional and structural optimization prior to
physical execution (Figure 2).

118



ANNALS OF THE UNIVERSITY OF ORADEA

FASCICLE OF TEXTILES, LEATHERWORK

X [ M

r « IS

Fig. 2: Prototipul digital al modelului

The first stage of the physical realization of the garment involved pattern layout on the
material, a process carried out with the aim of optimizing consumption and reducing technological
waste. The cutting stage was performed manually, this method being considered optimal for precise
control of contours and for preventing damage to the material edges. Observations made during the
process highlighted that the biomaterial exhibits stable behavior during cutting, without pronounced
tendencies toward cracking or delamination, confirming its satisfactory processability at the cutting
stage. The sewing was carried out using specialized equipment for leather-like materials, and the
technological parameters of the sewing machine were adapted to the specific characteristics of the
biomaterial by adjusting stitch length and thread tension.

In the final evaluation stage, the prototype was analyzed from both an aesthetic and
functional perspective, focusing on its behavior during wear and the interaction between structure,
material, and the wearer’s body. The results highlighted good dimensional stability, satisfactory
comfort, and the maintenance of structural form during use, confirming the viability of the adopted
technical solutions. The physical prototype made from the experimental biomaterial is presented in
Figure 3.

if|

Fig. 3: Physical prototype made from the experimental biomaterial

4. CONCLUSIONS

This research highlights the importance of sustainable approaches in fashion design and the
potential of valorizing organic waste for the development of innovative materials intended for the
fashion industry. The experimental results demonstrated that the coffee ground—based biomaterial
can be obtained by combining natural ingredients such as gelatin, agar-agar, glycerin, and water,
resulting in a flexible, biodegradable material with an appearance similar to natural leather.
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The final properties of the biomaterial are influenced by the ratio of ingredients, the grinding
degree of the coffee grounds, material thickness, and drying conditions, with their optimization
being essential to prevent structural defects. The realization of the physical prototype validated the
applicability of the biomaterial and the proposed construction solutions, demonstrating their
potential for integration into experimental fashion products and for the further development of
commercial applications in the field of sustainable fashion.

The main original contribution on this research consists in the practical validation of the
developed biomaterial through the creation of a wearable physical prototype in the form of an
experimental corset, which demonstrates the material’s real applicability in fashion design and
confirms its functional and aesthetic potential. The realization of the prototype enabled the
assessment of the biomaterial’s behavior under real usage conditions and demonstrated the
feasibility of integrating it into contemporary garment structures.

The obtained results confirm that the coffee ground—based biomaterial represents a viable
sustainable alternative for the development of experimental fashion prototypes and for the creation
of decorative elements in fashion industry. Future research may focus on improving mechanical
strength, increasing moisture stability, and optimizing material durability in order to expand its
potential applications at a commercial scale.
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Abstract: Reactive dyes are the most important class of dyes for cellulose fibers and are most commonly used
in industry by the exhaustion method. The low affinity of these dyes requires the addition of large amounts of
various salts and auxiliary materials to the dyeing bath. The number of ions formed by the dissociation of the
electrolyte determines the ionic strength of the solution and has a stimulating effect on the exhaustion of
reactive dyes on cotton cellulose. In this work, the influence of neutral salts (NaCl and Na:SOy) and alkaline
salt (Na;COs3) on the color strength of cotton fabric dyed with bifunctional reactive dyes was investigated. The
reactive dye solution with a higher ionic strength of the neutral salt has a higher exhaustion dye and higher
color strength. The difference in color strength in the Na>SO4 bath compared to the NaCl bath ranged from 1.2
to 36%. The substantivity of the reactive dyes used is 4.5 to 18% higher in the Na>SOy bath. The addition of
an alkaline salt to activate the chemical dye/fiber reactions has an additional effect on exaustion dye as a
result of further increasing the ionic strength of the solution.

Key words: reactive dyes, ionic strength, color strength, substantiality of dyes, promotional effect

1. INTRODUCTION

Reactive dyes are the most important class of dyes for dyeing cotton and other cellulosic
fibers. Different dyeing methods, a wide range of shades and permanent and brilliant dyeing are the
advantages that are characteristic of these colors. Today, reactive dyes make up about 60 % of the
world's consumption of dyes for cellulose fibers [1]. Despite the enormous popularity of reactive
dyes, there are numerous environmental challenges due to the low level of dye utilization. The
dyeing bath contains large amounts of electrolytes and supplements that increase the uniformity and
durability of the dyeing [2]. Baffoun published a paper in which a comparative study of the
effectiveness of two electrolytes on the dyeing of cotton with the reactive dye Sumifix Supra Yellow
E-XF was carried out [3]. In a recently published paper, a group of authors used the Taguchi method
for evaluation of process parameters on exhaustion and fixation of bifunctional dye C.I. Reactive
Red 195 on cotton fabric [4]. The results showed that the concentration of salt has the greatest
influence, followed by the concentration of alkali, followed by temperature and dyeing time.

In this work, the influence of inorganic electrolytes on the dyeing of cotton fabric with
bifunctional reactive dyes was examined the dyeing, results are related to the ionic strength of the
solution.
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2. EXPERIMENTAL PART

2. 1. Material and working methods

In the experiment, the 100 % cotton fabric samples were dyed, surface mass 220 g m™ with
warp density 43 cm™ and weft 22 cm™'. The fabric is industrially prepared for dyeing. The samples
for dyeing had a mass of 5 g. Chemicals used in the work are as follows: Bezaktiv blue S-FRisoe,
bifunctional reactive dye (MCT/VS, Bezema - Switzerland), Bezaktiv red S-3Biso%, bifunctional
reactive dye (MCT/VS, Bezema - Switzerland), Bezaktiv yellow S-3R;so%, bifunctional reactive dye
(MCT/VS, Bezema - Switzerland), NaCl - salt, an agent of increasing dye exhaustion, Na>SOj - salt,
an agent for increasing dye exhaustion, Na,COs - salt, an agent for regulating the pH of the solution.

Dyeing was performed by an Ahiba apparatus (TYP G7B) in glass cuvettes with vertical
movement of the material. Dyeing was carried out isothermally at t=60 °C for 60 and 120 minutes.
In the bath that contained dye and salt to increase dye exhaustion, the dyeing time was 60 minutes.
The samples that were dyed for 120 minutes were first dyed for 60 minutes with the addition of salt
to increase the exhaustion of the dye, and then salt was added to regulate the alkaline bath and the
dyeing was continued for another 60 minutes. The concentration of the dye was 1.5 and 4 % (based
on the mass of the material), and the concentration of NaCl and Na,SO4 was 50 and 100 g dm™. The
concentration of Na,CO; was 15 and 20 g dm™ and the volume of the bath is 150 cm? (R 1:30). After
dyeing and washing with distilled water, the samples that were dyed for 120 min were processed in a
soapy solution at 90 °C for 15 minutes, washed again and air dried.

Reflection spectrophotometer Spectraflash SF600X (Datacolor - USA) measured the
reflection of the sample at wavelengths 400 - 700 nm and CIELab color coordinates were
determined. Based on the reflection value at the wavelength of maximum adsorption for each
sample, the color strength (K/S) was calculated according to the Kubelka-Munk equation:

_(1-R)y
2R 1)

K
S
Where: K — absorption coefficient, S — scattering coefficient, R — reflection for light D65/10.
The maximum absorption wavelengths have the following values: Bezaktiv blue S-FRs0% 630 nm,
Bezaktiv red S-3Bis0% 550 nm and Bezaktiv yellow S-3R ;5o 440nm.
Using a colorimeter CO7500 (WPA England), the absorbance of the solution was measured
at the wavelength of maximum absorption, at the beginning and at the end of dyeing (after 120 min).
Using equation 2, the percentage of color exhaustion (£) is determined [5] :

%E = {(’4014—_’41)} x 100 Q)

where:
A,— absorbance of the solution at the beginning of dyeing,
A1 — absorbance of the solution at the end of dyeing.
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For each dyeing system (with a dyeing time of 120 minutes), dye substantiality (K) was determined,
which is a measure of the dyes ability to transfer from the solution to the fiber under certain dyeing

conditions. Substantiality is determined using equation (3) [6]:
[%E x L]
= @)
[100-%E]
where: %£E — exhaustion dye, L — bath ratio.
The ionic strength (1) of the solution was calculated using equation 4 [7]:

1 n
I=22ez @
255

where: ¢/, ¢:...c;- concentration of ions present in the solution (mol dm?), z;, z>...z; - charge of ions
present in the solution.
The promotional effect of the neutral salt was determined using equation 5 [8]:

. %ESs—%E
% promotional salt effect = Yobs =% Eo 5)
%Es

where is:

%E's — equilibrium dye exhaustion for samples dyed with the addition of salt,

%Eo — equilibrium dye exhaustion for samples dyed without the addition of salt.

To determine the promotional effect of salt, samples were dyed for 120 minutes with 1.5% dye
without and in the presence of salt (NaCl and Na>SOs), at 60 °C. The color fastness to washing (at 60
°C) of cotton fabric samples was determined according to ISO 105-C06:2010 standard, using
AATCC 1993 standard reference detergent. Color fastness to washing was determined on samples
dyed for 120 minutes. Table 1 gives the markings of the dyed cotton samples.

Tab. 1. Designations of samples

Designations Concentration | Concentration of | Concentration of | Concentration of | Dyeing

of samples of dye (%) NaCl (gdm™) Na;SO4 (gdm™) | Na,COs (gdm™>) | time (min)
B1;RI1; Y1 1.5 50 - - 60

B2; R2; Y2 1.5 - 50 - 60
B3;R3;Y3 1.5 50 - 15 120

B4; R4; Y4 1.5 - 50 15 120

B5; R5; Y5 4 100 - - 60

B6; R6; Y6 4 - 100 - 60
B7;R7; Y7 4 100 - 20 120

B8; R8; Y8 4 - 100 20 120
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B1-B8, samples dyed with Bezaktiv blue S-FRs0%; R1-R8, samples dyed with Bezaktiv red S-Biso%; Y1-YS8,
samples dyed with Bezaktiv yellow S-3Ris0%

3. RESULTS AND DISCUSSION

3. 1. Substantivity of dyes

Substantivity is the ability of the dye to transfer directly from the solution to the fiber, and it
largely depends on the chemical composition and structure of the dye. Substantivity also depends on
bath temperature and salt concentration. Dyes of greater substantivity have greater equilibrium
exhaustion and vice versa. Dyes to the small molecules, reactive dyes have a low substantivity and
the addition of inorganic electrolytes has a great influence on the dyeing from the solution onto the
fiber for the following reasons:

1) the color changes from ionic to molecular form, i.e. the solubility of the dye decreases,

2) the negative surface charge of the fiber is reduced, so that the electrostatic repulsive forces
between the dye and the fiber are reduced and

3) the chemical potential of the dye in the solution increases.

Table 2 shows the values substantivity of dyes (K) based on dye exhaustion during a dyeing
time of 120 min, which corresponds to a real dyeing system. The substantivity of all dyes was higher
when dyeing with a higher concentration of dyes and electrolytes and when the bath contains
Na»S0Os. In the range of dyes used, red has the lowest substantivity (K) and blue has the highest. The
substantivity of Bezaktiv blue S-FRiso%, is 18 and 12% higher when the technological solution
contains Na,SO4 compared to the system with NaCl for a lighter and darker tone, respectively. When
applying Bezaktiv red S-3Bisey increase in substantivity when NaCl is replaced with Na,SO4
amounts to 8% (for a light shade) and 13% (for a dark shade). With Bezaktiv yellow S-3Risey the
substantivity is higher by 9% for a lighter shade and 4.5% for a darker shade, for the system with
NaSOs compared to the system with NaCl. The chemical composition and constitution of the
molecules of reactive dyes have the greatest influence on the ability of the dye to transfer from the
solution to the cotton fiber. The addition of salt, which increases the number of ions in the solution,
affects the displacement of the final distribution of reactive dye molecules on the fiber side. The
obtained results indicate the important and complex role of the present electrolytes in increasing the
exhaustion of reactive dyes on cotton. It is likely that the efficiency of the electrolyte for the transfer
of reactive dye molecules to the cotton fiber depends on the number of ions produced by the
dissociation of the electrolyte, i.e. from the ionic strength of the solution.

Tab. 2. Substantivity (K) Bezaktiv blue S-FR 5o, Bezaktiv red S- 3B;s00; and Bezaktiv yellow S-3R 502

Designations Designations Designations of

K K K
of samples of samples samples
B3 41.4 R3 325 Y3 45.0
B4 48.9 R4 35.2 Y4 48.9
B7 95.0 R7 35.2 Y7 48.9
B8 106.4 | R8 29.8 Y8 51.1
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3.2. Color strength

Color strength (K/S) were calculated using the Kubelka-Munk equation and are shown
graphically in Figures 1-3. The color strength of cotton fabrics depen ds on the formulation of the
dyeing solution and the dyeing time. Samples dyed with Bezaktiv blue S-FRisoy, have higher K/S
values when Na,SOy, is used as a salt to increase exhaustion compared to samples dyed in a NaCl
bath (Figure 1). After 120 minutes of dyeing in a lighter shade, the difference is minimal (2,5%), but
after dyeing in a darker shade, the difference is significant and amounts to 33%. These results
indicate a greater effect of Na>xSO4 on the condition of the dye in the solution and the transition to
cotton, as well as that this effect becomes more distinct the higher the concentration of the dye in the
bath. The addition of alkali (Na,CO3), which primarily has the role of regulating the alkalinity of the
solution, is also reflected in the increase in the color strength of the dyed samples. On samples of a
lighter shade, that increase amounts to 68% (bath with NaCl) and 53% (bath with Na>SO4). When
dyeing in a darker shade, the effect of added alkali is even greater because the color strength is twice
as high after 120 min of dyeing. Color strength of cotton fabric samples dyed with Bezaktiv red S-
3Biso% depends on the formulation of the technological solution and the time of dyeing (Figure 2).
Samples dyed in a bath with Na,SO4 have a higher color strength compared to the system with NaCl,
and the difference for the lighter shade is 28%, and for the darker shade 36%. The addition of
Na,CO; has a significant influence on the final result of red coloring, which increases the color
strength from 15 to 35%. When dyeing with Bezaktiv yellow S-3Risoy in the bath with Na>SOj, the
color strength is 11 and 14% higher for a light shade, after 60 and 120 minutes of dyeing,
respectively, compared to the bath with NaCl (Figure 3). By dyeing in a dark shade, the differences
are minimal. When applying this dye, a great influence of the addition of Na,COs on the dyeing of
the cotton fabric is observed, because the exhaustion of the dye increases further and K/S has higher
values by about 55% for a lighter shade and a darker shade by about 83% compared to the first 60
minutes of dyeing. The higher color strength of cotton with reactive dyes in the Na,SO4 solution is
explained by the higher ionic strength of the solution (Table 3), because dissociation produces twice
as many Na'ions compared to the NaCl solvent. A greater number cations of inorganic electrolyte in
the technological solution for dyeing cotton with anionic dyes, to a greater extent reduces the
fiber/dye repulsive forces and increases the chemical potential of the dye in the solution, which
practically manifests it self as greater dye exhaustion.

Tab. 3. Electrolyte concentration and ionic strength

Concentration 50 g dm™ Concentration 100 g dm™
Tonic strength (I) Tonic strength (I)
Electrolyte mol dm? Electrolyte mol dm-3
NaCl 0.85 NaCl 1.71
NaxSO4 1.06 NaxSO4 2.13
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3.3. Promotional effect of neutral salt

The promotional effect of neutral salts represents the sensitivity of a dye to the presence of
neutral salts in the dyeing bath, i.e. an increase in dye exhaustion in the presence of a neutral salt
compared to a salt-free system. From the results shown in table 4, higher values of the promotional
effect of Na,SOj4 can be seen compared to the promotional effect of NaCl. The promotional effect of
neutral salts is different for different dyes. The greatest promotional effect is achieved with Bezaktiv
yellow S-3Riso%, where there is also the smallest difference in promotional effects between the
neutral salts used. The lowest promotional effect of neutral salts was achieved with red dye and is
twice as small compared to blue to yellow dye in the experiment. This data indicates a very
heterogeneous sensitivity of dyes of the same class to the addition of salt, which may have practical
implications in trichromatic dyeing in industrial conditions in order to achieve equal coloring.

Tab. 4. Promotional effect of inorganic salts on the exhaustion of reactive dyes

Promotional effect (%)
Dye

NaCl Na2504
Bezaktiv blue S-FR5¢0, 77.4 83.1
Bezaktiv red S-3B150% 29.8 443
Bezaktiv yellow S-3R150% 83.1 84.2

3.4. Color fastness to washing
All samples have a high color fastness to washing as a result of established covalent bond of reactive
dye groups with the hydroxyl group of cotton cellulose (Table 5).

Tab. 5. Color fastness to washing

Samples Change in Samples Change in Samples Change in
color color color
B3 4-5 R3 4-5 Y3 4-5
B4 4-5 R4 4-5 Y4 4-5
B7 4-5 R7 4-5 Y7 4-5
B8 4-5 RS 4-5 Y8 4-5
4. CONCLUSION

In this work, the influence of neutral salts (NaCl and Na,SO4) and alkaline salts (Na,CO3)
on the color strength of cotton fabric with bifunctional reactive dyes was examined. The samples
were dyed for 60 and 120 minutes with the aim of examining the effect of alkaline salt on the
secondary exhaustion of the dye, i.e. color strength.

Based on the obtained results, the following conclusions can be drawn:

Substantivity of all colors is higher when Na,SOys is used as a salt to increase exhaustion.
The substantivity of Bezaktiv blue S-FRisov is 18 and 12% higher when the technological solution
contains Na,SO4 compared to the system with NaCl for a lighter and darker shade, respectively.
Substantivity of Bezaktiv red S-3Bisoy is higher by 8% for light shade and 13% for dark shade, and
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for Bezaktiv yellow S-3Rs0% by 9% for lighter shade and 4,5% for darker shade, for the system with
NaSO4 compared to the system with NaCl.

The color strength of cotton fabrics depends on the formulation of the dyeing solution and
the dyeing time. All samples dyed in a bath with Na>SOj at the end of dyeing had a higher color
strength compared to samples dyed in a bath with NaCl. The largest difference of 36% was
registered on samples dyed with 4% Bezaktiv red S-3Bis0%, and the smallest difference of 1,2% on
samples dyed with 4% Bezaktiv yellow S-3R;s0%. The higher color strength is the result of the higher
ionic strength of the Na>SOj4 solution due to twice the number of Na' ions, which more effectively
neutralizes the fiber/dye repulsive forces and facilitates the transfer of dye from the solution to the
surface of the fiber.

The promotional effect of neutral salts is different for different dyes. The greatest
promotional effect was achieved with Bezaktiv yellow S-3Riso%, and twice as little promotional
effect with Bezaktiv red S-3Bison. NaxSO4 has the greatest promotional effect at all dyes.
Heterogeneous sensitivity of dyes of the same class is of practical importance for trichromatic
dyeing in industrial conditions in order to achieve equal coloring.

The type of electrolyte is not important for color fastness.
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Abstract: Textile wet processing generates wastewater streams with markedly different chemical profiles. This
paper evaluates the use of calcined hydrotalcite as a selective adsorbent for real textile wastewater, focusing
specifically on washing water and cotton reactive dyeing effluent. The adsorbent was prepared by calcining
hydrotalcite at 600 °C for four hours and then cooling it in a desiccator prior to use. To link structural activation
with process performance, the calcination step was interpreted using a qualitative FTIR scheme derived from a
companion characterisation study. Calcination suppresses the carbonate band characteristic of hydrotalcite
and enables the memory effect, favouring the reincorporation of anionic species when the solid comes into con-
tact with water. Two industrial wastewater streams were studied and compared before and after treatment with
hydrotalcite using total organic carbon (TOC), total carbon (TC), inorganic carbon (IC), total nitrogen (TN),
PH, conductivity, biological oxygen demand (BOD), total suspended solids (TSS) and chemical oxygen demand
(COD,). The cotton dyeing wastewater exhibited the most significant response, with reductions in TOC and COD
0f 78.5% and 74.6%, respectively. The washing effluent showed more limited improvements, with TOC and COD
reductions of 18.6% and 27.6%, respectively. This difference can be explained by the difference in pH between
the two streams: a higher pH increases adsorption values. Therefore, the treatment appears promising as a
selective pre-treatment for segregated dyeing streams. However, the associated increase in pH and conductivity
indicates that a later neutralization or polishing step would still be required.

Key words: hydrotalcite; water treatment; textile effluent; cotton dyeing process, washing processes.

1. INTRODUCTION

Textile wet processing is one of the industrial activities most strongly associated with water
use and variable wastewater composition. Washing, dyeing, rinsing and finishing operations generate
effluents that may contain dyes, salts, alkalis, surfactants, lubricants and other additives, meaning that
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the final analytical profile depends not only on the substrate, but also on the exact stage of the process
[1]-[3].

This distinction is particularly important in dyehouses. Cotton reactive dyeing wastewater is
typically rich in alkaline chemicals and unfixed dye-related compounds, whereas washing wastewater
usually contains a lower chromatic load, but appreciable amounts of organic auxiliaries. Studies based
only on model dye solutions often overlook this heterogeneity. Nevertheless, adsorption remains at-
tractive in the textile sector because it can be applied as a selective polishing step for colour and
dissolved organics using relatively simple equipment [2]-[4].

Hydrotalcite-type layered double hydroxides are particularly interesting adsorbents because
their positively charged, brucite-like layers contain exchangeable interlayer anions [5, 6]. After calci-
nation, these solids are converted into mixed oxides that can regain a layered structure when rehy-
drated in water. This so-called memory effect enables new anionic species to be incorporated from the
treated medium [5], [7], [8]. For textile applications, this behaviour is relevant whenever the
wastewater contains dye-derived anions or other species that are compatible with the reconstruction
of the layered structure.

Recent papers in the Oradea textile journal show ongoing interest in adsorption and in new
wastewater treatment strategies for textile processes [3], [4]. However, there is still a need for confer-
ence contributions based on real segregated industrial streams and explicitly connected to adsorbent
activation. The aim of the present work was therefore to adapt the hydrotalcite calcination study to a
textile-focused paper and compare the response of two real industrial streams - washing and cotton
dyeing wastewater - before and after treatment with calcined hydrotalcite.

2. MATERIALS AND METHODS

2.1 Materials
2.1.1 Nanoclay and Textile Effluents used

Two types of industrial wastewater were collected from a textile company (Table 1):
wastewater from washing and from cotton dyeing. The first one is a cellulose dyeing bath with reactive
dye chemistry, whereas the washing water represented a more auxiliary-rich stream.

Table 1: Selected textile streams treated with hydrotalcite

Stream  Textile process Main reported bath composition
W Washing 2 g/L lubricant (polyacrylamide) + 5 g/L wetting agent (ethoxylated fatty alcohol)
C Cotton dyeing 1 g/L wetting agent + 60 g/L sodium silicate + 6 g/ NaOH + 0.451% reactive dye
2.2 Methods

2.2.1 Treatment method

The hydrotalcite and wastewater dosages are described in

Table 2. The hydrotalcite was previously calcinated at 600°C for 4 hours and then cooled in a
desiccator to minimize moisture uptake from the atmosphere. This step is important because if it re-
mains exposed to humid air, calcined hydrotalcite can progressively reconstruct its layered structure.
The nanoclay-wastewater dispersion was left for 1 h in maximum agitation, followed by 24 h with
minimum agitation.

Table 2: Stream and hydrotalcite quantities used.

Sample Stream quantity used (mL) Stream used [Hydrotalcite used] (g/L)
W-+HT 300 W 23
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C+HT 300 C 32
Finally, the dispersion was filtared for 24 hours using filter paper with a grammage of 130
g/m™, a pore size of 25-30 um and a thickness of 430 um. The collected water was analysed.

2.2.2 Water parameters analyzed

The streams were analysed before and after treatment using the following parameters: pH;
conductivity; total suspended solids (TTS); total organic carbon (TOC); total carbon (TC); inorganic
carbon (IC); total nitrogen (TN); chemical oxygen demand (COD); and biological oxygen demand
(BOD). TOC, TC, IC and TN were measured using a Shimadzu TOC-VCSH analyser after filtration
through 0.45 pm PTFE membranes, while pH was measured using a CRISON micropH 2002 meter
and conductivity using a CRISON microCM 2101 conductimeter at 21 °C. COD was obtained by
digestion and photometric measurement. BOD was measured using an OxiTop respirometric system.
For the COD and BOD measurements, dilutions were selected to maintain measurable oxygen con-
sumption without complete depletion. A total correction factor was applied based on dilution. TSS
was assessed gravimetrically by filtering, drying, and weighing of the retained solids. For concentra-
tion-based parameters, the relative change caused by treatment was calculated as follows:
Removal (%) = ((CO - Ct) /C0) x 100

2.2.3 Hydrotalcite FTIR

FTIR analysis was conducted in ATR mode using a ZnSe prism with a Jasco FTIR 4700 IRT
5200 spectrometer with a DTGS detector. Spectra were recorded from 64 scans at aresolution of 4
cm'. The analysis was performed on hydrotalcite before and after calcination, as well as on hy-
drotalcite that had been calcinated and stored in the lab.

3. RESULTS AND DISCUSSION

3.1 Hydrotalcite FTIR

To connect structural activation with textile performance, FTIR analysis was conducted across
the three stages we mentioned before. As shown in Fig. 1, the untreated solid displays the broad hy-
droxyl/water region and a characteristic carbonate absorption peak near 1365 cm™! , as observed in
hydrotalcite materials [8]-[10]. After calcination, this carbonate feature is strongly suppressed, which
is consistent with the removal of interlayer carbonate and dehydroxylation. The partial recovery of
hydrotalcite-like features after air exposure is in turn consistent with the memory effect [ 10].
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Fig. 1: Schematic FTIR comparison of hydrotalcite before calcination, immediately after calcination and after
atmospheric exposure

3.2 Stream characterization before and after treatment

As shown in Table 2, the response to calcined hydrotalcite depended strongly on the origin of
the wastewater. The washing effluent was nearly neutral before treatment and mainly contained a
lubricant and a wetting agent. In contrast, the cotton dyeing wastewater was strongly alkaline as it
came from a reactive dyeing bath containing sodium silicate and sodium hydroxide. From a textile
processing viewpoint, the cotton stream therefore represented dye-bearing bath chemistry, whereas
the washing stream represented a more dilute auxiliary-dominated water.

The cotton dyeing effluent experienced the strongest reduction in organic load. TOC fell from
554.3mg/L to 119.1 mg/L (a 78.5% reduction), while COD fell from 1161 mg O,/L to 295 mg O,/L
(a 74.6% reduction). These values demonstrates the ability of calcined hydrotalcite to remove a sig-
nificant fraction of the carbonaceous load present in a real cotton dyeing wastewater.

Table 3: Carbon, oxygen-demand, pH, conductivity and TSS parameters before and after hydrotalcite treat-

ment
Parameter W raw W+HT Craw C+HT Change W (%) Change C (%)
TOC (mg/L) 4373 355.9 5543 119.1 18.6 78.5
TC (mg/L) 445.0 360.5 584.6 140.0 19.0 76.1
IC (mg/L) 7.664 4.61 30.3 20.9 39.8 31.0
TN (mg/L) 59.24 46.38 4.118 4.539 21.7 -10.2
COD (mg O2/L) 1329 962 1161 295 27.6 74.6
BOD (mg O2/L) 2200 0 300 30 100 90
pH 6.42 12.32 11.43 12.9 -91.9 -11.4
Conductivity at 21 °C (uS/cm) 685 1480 4620 10900 -116.1 -135.9
TSS (mg) 2.9 7.7 5 4.2 -165.5 16

The washing water showed a much more modest response. TOC decreased from 437.3 mg/L
t0 355.9 mg/L (a 18.6% reduction) and COD from 1329 mg O,/L to 962 mg O,/L (a 27.6% reduction).
TN also decreased in the washing stream, from 59.24 mg/L to 46.38 mg/L. However, the cotton stream
showed no reduction in nitrogen and even exhibited a slight increase within the experimental range,
which may be due to an experimental error. The treatment was therefore selective rather than univer-
sal, preferentially removing dye-related or other anion-rich fractions. This can be explained by the pH,
other studies have found that Hydrotalcite shows better adsorption values at higher pH values [11][12].
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However, it is also due to the type of compounds the washing water contains, which are usually neutral
and too large.

Regarding BOD, the reduction was above 90% in both cases, indicating that the treatment was
highly successful. In the case of the cotton effluent, this decrease is consistent with the COD trend, as
both parameters are expected to follow a similar pattern. However, for the washing effluent, the dis-
crepancy observed between COD and BOD may be explained by the preferential removal of more
biodegradable compounds, leaving behind less biodegradable substances that still contribute to COD
but not to BOD.

Regarding TSS, we observed an increase in the W+HT and a decrease in the C+HT, which
may be due to an error during filtration.

The difference between the two types of water can be explained in terms of textile chemistry
and hydrotalcite reconstruction. Cotton reactive dyeing baths contain unfixed or hydrolysed dye spe-
cies together with strong alkali. When calcined hydrotalcite rehydrates, its mixed oxides can recover
a layered structure and capture new anions from the liquid phase [5], [7], [8]. The rationale of Fig. 1,
based on FTIR, supports this mechanism: the removal of carbonate by calcination frees the interlayer
environment for the incorporation of other anionic species once the solid enters water.

In contrast, the washing water was dominated by auxiliaries such as polyacrylamide lubricant
and ethoxylated wetting agents. It is not expected that tese compounds will interact with calcined
hydrotalcite in the same way as reactive dye-related anions. Consequently, the adsorbent only pro-
duced partial reduction in TOC and COD.

Despite the decrease in organic load, pH and conductivity increased in both waters after treat-
ment, as summarised in Table 3. This behaviour is important for water reuse strategies because it
indicates that adsorption was accompanied by the release or redistribution of alkaline species.

In the washing stream, for example, the pH rose from 6.43 to 12.32, while conductivity in-
creased from 685 puS/cm to 1480 pS/cm. In the cotton dyeing stream, the pH increased from 11.43 to
12.90, and the conductivity increased from 4620 puS/cm to 10900 puS/cm. Therefore, calcined hy-
drotalcite cannot be considered a complete one-step solution for textile water reuse. Its main value lies
in selective reduction of organic and probably chromophoric loads, which could simplify a subsequent
biological, membrane or neutralisation stage.

This interpretation is consistent with the broader literature on textile wastewater, where com-
bined treatment are generally considered to be more robust than a single isolated unit operation [1]-

[3].
4. CONCLUSIONS

This study demonstrates the potential of using calcined hydrotalcite as an adsorbent for treat-
ing real textile wastewater, although its effectiveness is highly dependent on the type of effluent.
Treatment was particularly effective for cotton reactive dyeing wastewater, achieving significant re-
ductions in organic pollution (around 78% total organic carbon (TOC) and 75% chemical oxygen
demand (COD) removal). In contrast, washing wastewater exhibited much lower removal efficiency,
potentially due to the pH conditions and compounds present in the effluent.

The results confirm that the adsorption mechanism involves the “memory effect” of the re-
construction of calcined hydrotalcite, enabling the material to capture anionic species present in dye-
ing effluents. However, the treatment also increases pH and conductivity, meaning an additional step,
such as neutralisation or polishing, is still needed before water can be reused or discharged.

This work's main contribution is evaluating hydrotalcite treatment using real segregated tex-
tile effluents rather than model dye solutions and connecting the treatment performance to the
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structural activation of hydrotalcite after calcination. This provides practical insight into how this ma-
terial could be used as a pre-treatment step in textile wastewater treatment protocols.
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Abstract: This paper examines digital resale platforms as key enablers of circular fashion within the
broader field of collaborative fashion consumption. It starts from the premise that the fashion industry
is moving, albeit unevenly, away from linear models based on ownership, rapid turnover, and disposal
towards more circular systems organised around reuse, redistribution, and extended garment
utilisation. In this transition, digital resale platforms are analysed as operational infrastructures that
keep garments in circulation through authentication, pricing, listing, recirculation, and consumer
interaction. The paper focuses on the organisational conditions that make resale viable at scale,
including trust-building mechanisms, reverse logistics, quality control, product data management,
and customer engagement. Methodologically, it draws on a qualitative comparison of two platform
logics: a peer-to-peer model illustrated by Ganni and a buy-back/consignment model illustrated by
Patagonia Worn Wear. The analysis further situates resale within the evolving European Union policy
environment, particularly with regard to sustainable textiles, digital product information, consumer
protection, and platform accountability. A brief contextual observation of the Moldovan market
suggests that resale and exchange are currently mediated mainly through fragmented social-media
channels rather than structured circular platforms, which points to the relevance of an open, multi-
brand digital model with stronger traceability and customer-protection functions. It argues that digital
resale platforms are not marginal secondary channels, but strategic infrastructures through which
circular fashion acquires commercial, organisational, and regulatory form. In this way, the article
contributes to current debates by linking platform-level resale models to the broader governance
transformations shaping circular fashion in the European Union.

Key words: collaborative consumption; circular fashion, resale platforms; reverse logistics, Digital Product
Passport; EU textiles policy.

1. INTRODUCTION

Circular fashion is emerging as a major direction in the contemporary fashion industry. In
response to the environmental and economic limits of the linear ‘take-make-dispose’ model,
businesses, policymakers, and consumers are paying greater attention to approaches that extend
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product life, reduce waste, and retain value within product cycles. Within this wider transition,
collaborative fashion consumption has gained importance as a practical expression of circularity,
shifting attention from ownership towards reuse, redistribution, and prolonged garment utilisation.

Among the mechanisms associated with collaborative fashion consumption, digital resale
platforms have become especially prominent as enablers of circular fashion. They translate circular
principles into market practice by supporting authentication, listing, pricing, resale, and consumer
interaction, thereby extending product lifecycles and generating value beyond the sale of newly
manufactured goods. Cases such as Ganni and Patagonia Worn Wear demonstrate how resale can be
organised through distinct platform logics while remaining embedded in brand strategy.

This development matters because it reflects a broader redefinition of value creation in
fashion. Under linear systems, value is tied mainly to the constant production and sale of new items.
By contrast, circular fashion seeks to preserve the value embedded in garments for as long as possible
through repeated use, repair, resale, remaking, and related forms of recirculation. In this sense, digital
resale platforms function not as marginal sales channels, but as strategic infrastructures connecting
consumer behaviour, brand management, and circular business innovation.

At the same time, resale platforms are shaped by wider regulatory and governance changes.
In the European Union, the policy agenda on sustainable and circular textiles is evolving rapidly, with
growing emphasis on product traceability, consumer protection, environmental claims, online
platform accountability, and digital product information. Against this background, the article
examines digital resale platforms as enablers of circular fashion, focusing on their operating logic,
trust requirements, and policy implications within the emerging EU regulatory environment.
Methodologically, it applies a qualitative comparative reading of two brand-led resale configurations,
represented by Ganni and Patagonia Worn Wear.

The originality of this article lies in bringing together two levels of analysis that are often
discussed separately: the operational logic of digital resale platforms and the emerging European
Union regulatory framework for circular and digitalised fashion markets. In this sense, the paper does
not approach resale merely as a secondary sales practice, but as a form of circular infrastructure shaped
by platform design, trust mechanisms, product-data requirements, and governance obligations.
Methodologically, the article applies a qualitative comparative case approach to two brand-led resale
configurations, represented by Ganni and Patagonia Worn Wear. These cases were selected because
they illustrate two contrasting yet influential logics of digital resale: peer-to-peer facilitation and buy-
back/consignment under stronger brand control. The comparison is structured around four analytical
dimensions: platform architecture, allocation of logistics responsibility, quality-control mechanisms,
and the relationship between resale operations and regulatory preparedness.

2. DIGITAL RESALE PLATFORMS AS CIRCULAR INFRASTRUCTURE

2.1. From ownership to recirculation

Digital resale belongs to a broader shift from ownership-based consumption towards service-,
access-, and reuse-oriented fashion practices. In this transition, value is increasingly linked to utility
rather than mere possession. Consumers assess garments not only by novelty, but also by affordability,
flexibility, and recirculation potential [1], [2]. Market analyses also indicate continuing growth in
rental and second-hand segments, suggesting that recirculation is becoming an economically relevant
part of the apparel market [2]. From a sustainability perspective, resale matters because it prolongs
use and delays disposal in a sector facing growing waste-management pressure [3]. Yet its
environmental contribution depends on operational conditions: poor product data, inconsistent quality
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control, and inefficient reverse logistics may weaken circular outcomes. Resale should therefore be
treated as a managed system of value retention rather than simple re-commerce.

2.2. Platform architecture and operating models

A brand-led digital resale platform is more than an e-commerce extension. It combines a
customer interface for pre-owned items, a seller module for simplified listing, and a back-end layer
supporting authentication, classification, and traceability. In more advanced versions, seller portals
can reduce friction by reusing historical product data, while back-end systems support condition
grading, provenance checks, and standardised product presentation. Such architecture is essential
because the platform must create trust without losing operational speed.

The comparison of Ganni and Patagonia Worn Wear illustrates two dominant resale logics
[6], [7]. In peer-to-peer systems the brand mainly facilitates trust while the physical transfer occurs
between users. In buy-back or consignment systems the brand takes possession of the garment,
controls inspection and presentation, and resells it directly. The choice affects cost structure, quality
assurance, data capture, and customer experience.

Table 1: Comparison of peer-to-peer and buy-back resale models

Criteria Peer-to-peer model Buy-back/consignment model
Brand role Facilitator and trust intermediary Direct resale operator
Logistics responsibility | Mainly distributed between users Centralised under brand control
Quality control More limited and variable Higher and more standardised
Operational cost Lower direct handling cost Higher processing and presentation cost
Strategic advantage Scalability and speed Brand consistency and data capture

Source: author’s synthesis based on [6], [7].

The analytical value of this comparison lies in showing that digital resale is not a uniform
circular solution. Rather, different platform models redistribute control, cost, trust, and data capture
in different ways. Peer-to-peer systems may offer greater scalability and lower direct handling costs,
whereas buy-back and consignment models provide stronger brand control over quality, presentation,
and customer experience. This distinction is important because it demonstrates that the contribution
of resale to circular fashion depends not only on the existence of a digital platform, but also on the
organisational design through which resale is implemented.

Regardless of model, viability depends on operational efficiency. Pricing should reflect
garment condition, age, and demand; reverse logistics should limit handling costs; and communication
should reduce the stigma sometimes attached to pre-owned fashion. Brands also need to consider how
products are collected, assessed, cleaned, photographed, and relisted with minimal delay. Loyalty
incentives, visible circularity benefits, and convenient return or drop-off options can reposition resale
as a branded service rather than a discounted secondary channel.

3. EU POLICY IMPLICATIONS FOR FASHION RESALE

The policy environment for digital resale platforms is becoming more structured within the
European Union. Circularity in textiles is no longer framed only as voluntary corporate responsibility,
but as part of a broader agenda for product durability, resource efficiency, and digital-market
accountability [4], [5].
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The Eco-design for Sustainable Products Regulation establishes the framework for a Digital
Product Passport for relevant product groups [8]. For resale platforms, this is strategically significant:
structured data on composition, care, provenance, and repair can reduce information asymmetry,
support authentication, and improve the grading of second-life products. Brands that invest early in
interoperable product-data architecture may gain both operational and compliance advantages.

European textile policy is also increasing the importance of take-back pathways and extended
producer responsibility as collection, sorting, and take-back systems. The EU Strategy for Sustainable
and Circular Textiles and the revised waste-policy framework strengthen the logic of reuse before
disposal and raise the strategic relevance of organised return flows [4], [9]. For brands, resale
platforms may therefore function not only as revenue channels, but also as instruments for managing
product responsibility after first sale.

Digital resale ecosystems also operate under stricter expectations regarding governance and
substantiated communication. Claims linked to resale must be transparent and methodologically
defensible, otherwise they risk becoming reputational liabilities rather than assets [5]. In parallel,
platform accountability requirements in the Digital Services Act reinforce the need for mechanisms
addressing counterfeit listings, illegal content, and marketplace transparency [10]. Regulatory
readiness should therefore be treated as part of platform design rather than as an afterthought [11].

4. THE MOLDOVAN MARKET CASE AND IMPLICATIONS FOR OPEN
PLATFORM DESIGN

4.1. Informal recirculation through social networks

Actually, the Moldovan market does not have a dedicated brand-led digital resale platform
comparable to Ganni or Patagonia Worn Wear. Publicly visible digital circulation is concentrated
instead in fragmented channels: local-brand aggregation is represented by DININIMA, while resale
and exchange activity is visible mainly through Facebook groups and Instagram-based resale accounts
[12]-[14]. This does not mean that secondary circulation is absent; rather, it suggests that it is
organised informally and outside a platform architecture specifically designed for circular fashion.

These channels perform an important market function by enabling garments to reach second
users at low transaction cost. However, they rarely provide the governance features associated with
structured resale platforms. In practice, product descriptions are heterogeneous, condition grading is
inconsistent, provenance is difficult to verify, and platform-level mechanisms for authentication,
repair history, standardised returns, or dispute handling are weak or absent. As a result, recirculation
exists, but it remains only partly traceable and institutionally underdeveloped. For circular fashion,
this is a significant limitation because reuse takes place without the data capture, brand involvement,
and consumer safeguards that would allow recirculation to become a systematic business model.

The wider e-commerce environment in Moldova nonetheless suggests that a more structured
digital solution is feasible. Recent market reporting indicates continued growth in Moldovan e-
commerce and strong consumer use of online purchasing channels [15]. In this context, the absence
of a dedicated circular-fashion platform should be interpreted less as a lack of demand than as a gap
in platform design and market organisation.

4.2. Towards an open digital platform for Moldovan brands

The comparative analysis of global cases points to a strategic direction relevant for Moldova:
the development of an open, multi-brand digital platform through which local brands could combine
primary sale, controlled resale, exchange, take-back, and repair-related communication within one
interoperable environment. Unlike a single-brand system, an open platform would correspond better
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to the scale of the Moldovan market, where individual labels may not generate sufficient transaction
volume to sustain separate resale infrastructures. Such a model could also build on existing initiatives
that already aggregate local brands without yet offering structured second-life services [12].

The objective of such a platform should not be simply to digitise informal resale, but to
formalise and govern it. Minimum functions would include standardised listing rules, verified seller
identities, condition-grading categories, clear photo requirements, traceable transaction histories, and
a channel for complaints or post-sale communication. A further design element could be garment-
level QR identification. Even in simplified form, a QR code linked to a product record could connect
information on composition, care, initial sale, repair history, and subsequent resale or take-back
events. This would not constitute a full Digital Product Passport in the regulatory sense, but it would
represent a practical traceability mechanism aligned with the broader European shift towards digital
product information and platform accountability [8], [10].

For consumers, the value of such an approach lies in improved transparency and stronger
procedural safeguards. For brands, the benefits would include better control over product presentation,
clearer communication with customers, and the gradual accumulation of data on durability, returns,
and second-life demand. In this sense, the study of global brand practices does not imply direct
imitation. Rather, it provides a reference framework for building an open, context-appropriate digital
infrastructure capable of connecting circular-fashion ambitions with the practical needs of Moldovan
firms and clients.

For Moldova, such an open platform would be especially relevant because it could pool
transaction volume across multiple brands rather than requiring each label to build its own closed
resale system. This is a small-market solution: scale would be created collectively, while trust would
be strengthened through common rules, shared data fields, and visible customer-protection
procedures.

5. CONCLUSIONS

Brand-led digital resale platforms represent a concrete intersection between collaborative
consumption, circular business models, and digital governance in fashion. Their significance lies not
only in extending garment life, but also in reorganising how brands capture value after first sale. In
this respect, resale is not simply an environmental add-on; it is a strategic mechanism through which
circular fashion becomes commercially legible and operationally manageable. The contribution of this
article lies in showing that digital resale platforms should be analysed not only as commercial
channels, but also as governance-sensitive infrastructures located at the intersection of circular
business innovation, brand strategy, and the evolving European regulatory environment.

The comparison between peer-to-peer and buy-back models shows that resale is not a single
formula. Different platform architectures distribute control, cost, and responsibility in different ways,
and each model requires a specific balance between user convenience and brand oversight. Successful
resale initiatives therefore depend on coherent alignment between platform structure, logistics,
pricing, and trust mechanisms.

From a policy perspective, the evolving European framework positions resale as an
increasingly strategic organisational capability. Product data, take-back capability, substantiated
claims, and digital governance are becoming essential features of competitive preparedness. Digital
resale platforms should therefore be understood as circular infrastructure rather than short-term
marketing innovation. Their long-term value lies in combining commercial recirculation with
organisational readiness for a more regulated and sustainability-oriented fashion economy. For brands,
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this means that platform design, data architecture, and compliance capacity must develop together
rather than sequentially.

Seen in this way, the rise of digital resale also signals a broader cultural shift in fashion. It
normalises second-life value within mainstream brand environments and links consumer-facing
innovation with policy-driven circularity objectives. For companies seeking long-term relevance in a
more resource-constrained and regulated market, resale can therefore function as a practical bridge
between circular fashion as an industry trend and circularity as an embedded business practice.

For a small market such as Moldova, the next logical step may not be the replication of
separate single-brand platforms, but the development of an open digital infrastructure shared across
local labels. If such a system integrates resale, exchange, take-back, repair communication, and simple
QR-based product histories, it could convert currently fragmented social-media recirculation into a
more traceable, customer-oriented, and governable circular ecosystem.

Seen in this way, digital resale platforms do not simply support circular fashion as a market
trend; they help institutionalise it as a structured business and governance practice.
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Abstract:. The use of organic natural fibres, such as organic cotton and hemp, reflects a sustainable and
responsible direction in the textile industry, in the context of increasing awareness of the impact on the
environment and the health of users. These materials, being grown without the use of pesticides, herbicides or
other harmful chemicals, contribute to reducing the ecological footprint and promote a healthier and more
responsible lifestyle. In the work, different materials for the manufacture of the two mattresses covers were
treated and tested, using ecological natural fibers, in order to obtain basic information about the chemical
process of treating these knitted materials. These treatments included, for example, the application of bio-
based flame retardants, which are designed to provide fire-resistant properties without compromising the
naturalness of the fibers and without introducing harmful chemicals. The components of the two mattresses
covers were analyzed individually by cutting each layer, followed by collecting samples in small,
appropriately labeled bags. Each sample was taken from its entire depth, from areas with a cross-section of
about 1-2 cm. This paper also highlights the differences in finishing methods, depending on the composition of
the knitted materials used to make mattress covers.

Key words: natural organic fibers, organic cotton, mattress cover

1. INTRODUCTION

California and U.S. regulations were established to protect consumers and prevent fires and
accidents caused by flammable textiles and materials. These regulations require that textile products
must not be more dangerous than those existing on the market before the introduction of new
standards [1]. The inclusion of flame-resistant fibers in mattresses is determined by the flammability
regulations of California and the USA, which require that all textiles and materials used in the
construction of consumer goods meet certain safety standards in terms of flammability [2]. The use
of flame-resistant fibers in mattresses poses a potential health risk, as they can produce harmful
fumes and gases when exposed to high temperatures or flames [3]. Such a risk is associated with the
development of respiratory diseases, such as chronic bronchitis or lung cancer. Even though the
treatments used and the components of the mattress cover are designed to meet safety and
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environmental requirements, official certification and testing do not explicitly include them, which
highlights a possible gap in the product evaluation process [4].

2. GENERAL INFORMATION

In this work, the materials used to make two mattress covers were analyzed and tested, with
the aim of obtaining essential information regarding the chemical treatments applied to knitted
materials from ecological natural fibers. This research aims to provide essential data on the chemical
processing of fibers in new mattress covers [5], [6].

As a novelty, 100% natural fiber yarns composed of 85% organic cotton (BIO) and 15%
hemp were used to knit a variant of the fabric. This choice reflects the commitment to meet the
sustainability requirements of the textile industry.

ORGAN C
COTTON

STAPLE FIBER SPECIALTY YARN

UNTREATED. GMO-FREE SEEDS

NO TOXIC CHEMICALS, TREATED WATER
EFFLUENTS

DIGNIFIED PRODUCTION CONDITIONS FOR
TEXTILE WORKERS

FABRICS AVAILABLE UP TO 100%

g g Pt
Fig. 1: Organic cotton Fig. 2: Cutting/stamping press G999

The constituent components of the two mattresses covers were each subsampled by cutting
each layer and then proceeding to collect samples in small, labeled bags. Each sample was sampled
over its entire layer depth, with cross-section areas of about 1-2cm [7].

The preparation and analysis of the samples were carried out according to a standardized
internal procedure, designed to ensure the consistency and reliability of the results in the evaluation
of the fibrous content of the materials in the two mattress covers. This standardised methodology has
been developed to ensure that each step of the preparation and analysis process is repeatable and
accurate, thereby reducing variability in results and ensuring comparability between the samples
tested. In the process of preparing the samples, the samples were extracted from the materials in the
two mattress covers using a G999 cut/stamping press as shown in the Fig. 2.

This press was chosen for its ability to apply controlled and uniform pressure, thus ensuring
homogeneous and representative samples for the entire material. The use of this press allowed the
creation of precise sections, of standardized sizes and shapes, necessary for the subsequent stages of
analysis. This methodological approach ensures that each step of the process has been controlled and
documented, contributing to the transparency and reliability of the final results, which are essential
for assessing the quality and conformity of the materials used in the production of mattresses

Table 1: Treatment of household cover (mattress) type 1
Treatment LIKROLL
Recipe Citric Acid 0.2% Elastofin STO501 1.4%, Temp:130°C
Request width | 229-231 cm
Request weight | 357-372 gr/m?
Composition 25% Viscose from bamboo, 75%Pes
Color Bleached+Natural
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Table 2: Treatment of household cover (mattress) type 2
Treatment LIKROLL
Citric Acid 0.2% Elastofin STO501 1.6%, Bio-based F.R. EN 597 Part 2,
Temp:130°C
Request width | 239-244 cm
Request weight | 373-391 gr/m?
Composition 85% Organic Cotton (BIO), 15%Hemp
Color Natural

Recipe

% ROTE N L b i N
Fig. 3: Treated material for household Fig. 4: Treated material for household

cover (mattress) type 1 cover (mattress) type 2

The main components of each mattress cover analysed, together with their compositions, are
presented in Table 1 and Table 2. These covers, intended for home use, are made from blends of
natural fibers, such as cotton and hemp, combined with additives and chemical treatments to meet
safety and performance requirements [8]. In particular, the mixtures contain citric acid and
elastofine, applied with a loading method known as 'pick-up', with a percentage of 100%. This
process involves treatment at a controlled temperature of 130°C to ensure uniformity and efficiency
of treatments. The essential difference between the two mattress covers lies in the Bio-based F.R.
flame retardant treatment, applied according to the EN 597 Part 2 standard. This treatment includes
rigorous cigarette and small flame tests aimed at increasing the fire resistance of materials,
especially cotton and hemp fibers, which are naturally flammable. Natural fibers, being easily
flammable, require such treatments to ensure compliance with safety requirements and reduce the
risk of fire in daily use.

5. CONCLUSIONS

It is important to note that, in the process of fireproof treatment, the criteria for bio
certification of materials have been preserved. This way, the use of harmful or harmful chemicals for
the environment was avoided, maintaining the ecological character of the products, according to the
requirements for bio and sustainable materials.

This treatment process has been carried out in such a way that it does not compromise the
natural properties of the fibers, such as permeability and strength, while ensuring compliance with
safety and quality standards.

In conclusion, the combination of these components and treatments ensures a safe, durable
and eco-friendly mattress suitable for home use and environmentally conscious consumers.
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Abstract: The study analyzes the potential of traditional textile dyeing techniques as a resource for
sustainability and as a pedagogical instrument in contemporary design, based on experimental protocols
and textile samples developed within a scientific and educational context. The empirical material
highlights a chromatic palette constructed through local or accessible plant-based sources, simple
extraction methods, and variable fixation processes, revealing visible differences between natural and
synthetic substrates.

The experiments revealed significant differences between natural and synthetic textile substrates, with
natural fibers showing superior dye absorption and color stability. The use of different mordants
influenced both chromatic intensity and tonal variation: acetic acid preserved warmer shades, while
iron-based mordants generated darker grey and khaki tones. The resulting palette demonstrated a wide
diversity of organic colors and confirmed the potential of natural dyeing techniques for sustainable and
educational applications in contemporary textile design.

The article interprets these results in relation to current frameworks concerning circularity and textile
wet processing, arguing that the sustainable relevance of traditional techniques depends not only on the
source of the dye, but also on process control, impact reduction, and the capacity to design for
durability.

The proposed approach is interdisciplinary, situated at the intersection of design and heritage, aiming to

Key words: textile design; fashion design; textile heritage; natural dyeing; color; interdisciplinarity.

1. INTRODUCTION

In the current context of contemporary design, marked by ecological imperatives and the need to
redefine the relationship between production and consumption, traditional textile practices are regaining
attention in research as active resources for sustainable innovation [1]. Increasing concerns regarding
pollution generated by textile wet processing, excessive water consumption, and the short life cycle of
fashion products have encouraged designers and researchers to explore alternative methods based on
local resources, circularity, and material responsibility.

Within the present design paradigm, heritage is no longer perceived as a static formal repertoire,
but rather as an open system of meanings, susceptible to reinterpretation. In this framework, traditional
dyeing techniques are understood not only as utilitarian procedures, but also as forms of accumulated
material intelligence, reflecting the direct relationship between humans, the environment, and resources
[2], [7]- The integration of these practices into contemporary design implies a shift in emphasis: from
product to process; from standardization to variability; from absolute control to co-creation with the
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material. Thus, color obtained through natural dyeing functions both as an aesthetic attribute and as the
result of a dialogue between material, time, and human intervention, shaping an aesthetic of controlled
imperfection and authenticity.

At the same time, current approaches to sustainable textile design increasingly emphasize
interdisciplinarity, practice-based research, and the educational dimension of material experimentation.
Traditional dyeing techniques are therefore reconsidered not only as historical craft practices, but also as
instruments for developing ecological awareness and alternative creative methodologies within design
education [8]. In this context, experimentation becomes both a technical and reflective process, capable
of generating new relationships between heritage, innovation, and sustainability.

In this sense, the revitalization of textile heritage involves not only the preservation of historical
techniques, but also their critical reinterpretation and integration into contemporary design processes,
where materiality, process, and cultural meaning become inseparable. Accordingly, the study proposes an
analysis of natural dyeing experiments conducted in a scientific and educational context, based on the use
of plant-based dyes, as well as variations in color fixation achieved through accessible means. Beyond its
technical dimension, the approach is framed as practice-based artistic research, in which the visual
outcome becomes an instrument of knowledge [8].

2. RESEARCH DESIGN AND ANALYTICAL FRAMEWORK

2.1 Experimental approach

The experimental approach was based on the use of accessible plant resources, particularly: oak
leaves (both fresh and dried), onion skins, red cabbage, and spontaneous plants (including leaves and
vegetal residues). The dyeing processes included thermal extraction (boiling), maceration, two-stage
dyeing (boiling and subsequent immersion), and fixation.

An essential aspect highlighted in the working journals is the duration of the processes (ranging
from several hours to several days), which directly influences the intensity and stability of the color.
Significant differences were also observed between natural and synthetic textile materials, with natural
fibers demonstrating a higher capacity for absorption and color fixation. The methodology does not aim
to standardize results; on the contrary, it values variation as a design principle. The experimental dyeing
tests were carried out on both natural and synthetic textile substrates. The natural fabrics included 100%
cotton, linen, and wool samples, while the synthetic category included polyester-based fabrics. The textile
samples were selected in order to compare differences in dye absorption, chromatic intensity, and color
fastness depending on fiber composition and surface structure.

2.2 Executive Summary

The present analysis brings together experimental data extracted from project protocols
(2025-2026) concerning the production of color from plant-based sources (agro-waste, leaves/bark,
spices/vegetables), alongside official sources (UNEP, ISO, PLOS; BAT/BREF documentation) [1],
in order to formulate a techno-scientific argument: traditional dyeing and botanical printing
techniques can reduce chemical risk and support circularity, but only if they are rigorously managed
in terms of water and energy use, reproducibility, and effluent control.

From the perspective of the international framework, the issue is both legitimate and highly
relevant. United Nations Environment Programme (UNEP) indicates that the transformation of the
textile sector depends on three interconnected directions: shifting consumption patterns, improving
practices, and investing in infrastructure, while wet processing remains a critical node of
environmental impact. A study published in Public Library of Science on 18 textile processing
facilities reports an average consumption of 164 L of water and 449 g of chemicals per 1 kg of
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processed material. This explains why even a design-oriented study must address, in a clear and informed
manner, the dye bath, energy input, mordants, and effluents, rather than focusing solely on visual
outcomes [2].

3. EXPERIMENTAL CORPUS AND DATA SYNTHESIS

The experimental data consist of protocols derived from practice-based research, and the table

below presents a synthetic overview of selected relevant results.
Table 1: Synthesis of Experimental Results on Textile Dyeing with Natural Colorants

Type of .
Source raw Method Mordant/fixative Observations on Examples of samples
(dye) material color and stability
@ &i 2
) S Boiling -20 mi CH;COOH (6° ddish-b
§3 ) oiling -20 min, 'H3 H (6%) Reddish-brown
S 2 3 + FeSOq (10 (150 ml/1000 ml H20)  shades (15 samples), = -
5 3 i g/300 ml H20) Aging — 5 days stabilize after fixation =
g £
<
3 3
S > Ochre — pale yellow —
g8 §¢ FeSOs cappuccino shades
NI s Boiling-25min (10 g/300 ml H20)
§3 S Aeine — 5 davs (18 samples)
% 3,:0 ging 4 stabilize after fixation
%)
g :tg § Pink - ochre —
g 2 < Boiling - 20 min CH3COOH (6%) cappuccino; (12
'i\: ] 2 + 14 hours (150 ml/1000 ml samples) on natural
2 _; § immersion in H20) samples, the shades
s 3 & the dye bath Aging — 5 days remain more intense
< ;) ;%0 than on synthetic ones
] 2 CH3COOH (6% =
N 83 (67%) Ochre — cappuccino
Q z 2 e . (150 ml/1000 ml
£ 1§  Boiling - 20 min H20) shades (16 samples) -
L= a7 . v
§ %0 X Aging — 5 days stabilize after fixation
Z,
§ 2 - CH3COOH (6%) Ochre—grey, slightly
S § % Boiline -30 min (150 ml/1000 ml subdued shades (10
§ e g H20) samples), good
& %0 Aging — 5 days stability
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%)
§ g FeSO. Green—khaki shades
= § Boiling -30 min (10 g/300 ml H20) (21 samples), very
§ ~ Aging — 5 days good stability

= Left - FeSO:
.§ § (10 g/;o_oh”t’l H20) Left — pink; right —
3 9 tght- o beige-grey (14
'2 3 Boiling -30 min CH3COOH (6%) samples), good
g 3 (150 ml/1000 ml stability on natural

)
é 5 H20) fibers

~ Aging — 5 days
8 A
§ E FeSOq Grey—beige with a
§ 3 Boiling - 30 min (10 g/300 ml H20) cool undertone (18
% ; Aging — 5 days samples), low stability
] <

e oy

= + 7t
= i) — . 7 », %
'§ § Boj_h;lf hzir’:m KOH Brown—beige shades o 4 f’f ;_]).,
g ¢ immersion in  (100ml/1000 ml H:0) (13 samples), good b VS e
= S0 stability i e
S < the dye bath e
° i
g
S ) o .
R = Boiling -35 min CH3COOH (6%) o
g g + 14 hours (150 ml/1000 ml Ochre-light brown
8 3 , Lo shades (24 samples),
R N immersion in H20) very good stability
& %0 the dye bath Aging — 2 days
A
<
N
= Q
3 g CH3COOH (6%) Ochre—pink—brown
§ z Boiling -35 min (150 ml/1000 ml H20)  shades (15 samples),
5 5% Aging — 2 days very good stability

~
g
q
"S N Soaking (10
= > hours) FeSO. Ochre—cappuccino
$ § Boiling -40 ‘ and ochre—khaki
& L ) (10 g/300 ml H20)
Iy N min+ 48 hours deine — 3 davs shades (14 samples),
_§ 5:0 immersion in gimng % good stability
o the dye bath
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#s
£ @ CH3COOH (67) Pale yellow—brown ' “‘ S
R 8 o . (150 mi/1000 ml Y . S
g g, Boiling - 60 min H20) shades (8 samples), S
S “ . good stability i “
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.

0,
'§ 3 Dissolution + ?ZZC;ZZZI(){?’?{ Intense yellow (6
g § short heating H20) samples) good
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N
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The reading of the table suggests several design insights:

» The mordant functions not only as a technical agent, but also as an aesthetic one: acetic
acid often preserves warm tones, while iron shifts the palette toward greys, khaki, and
muted shades.

» Many observations indicate a perceptible difference between natural and synthetic
substrates (textile materials), which transforms fiber selection into a conceptual
decision, rather than merely an executional one.

» The series of samples can function as a library of chromatic surfaces, useful in fashion
and textile design, particularly for compositional exercises within the educational
process [3].

4. SUSTAINABILITY ASSESSMENT BY FEEDSTOK CATEGORIES

Agro-waste—such as onion skins, coffee grounds, and fruit residues—represents, among all
categories, the most easily justifiable option within the logic of the circular economy. It valorizes an
already existing waste stream and reduces dependence on raw materials cultivated specifically for dyeing
purposes. However, this advantage is maintained only if the process remains measured and controlled:
the protocols indicate repeated boiling and distinct fixation stages, which imply water and energy
consumption even at a small scale. In this context, comparison with industrial wet processing becomes
relevant: when the literature reports averages of 164 L of water/kg and 449 g of chemicals/kg, the design
studio should not replicate industrial practices, but rather learn to make its own resource consumption
visible through simple indicators [1]

Leaves and bark present a different type of potential: they introduce into the process both
pigment and memory. From a technical perspective, many of these sources are rich in compounds that
can support color fixation, making them promising for biomordanting solutions as well. At the same
time, this category requires careful attention to extraction: experiments show that prolonged boiling (up
to one hour) is often necessary. From a forward-looking perspective, there is room for long-duration
soaking experiments. In BREF terms, this reflects precisely the logic of a process that must be conceived
in relation to resource consumption and emissions, not solely through its visual outcome [4]

Spices and vegetables offer the most visually striking colors, but also exhibit the greatest
vulnerability to process variations. Turmeric produces an intense yellow; however, experiments show
that the introduction of iron can rapidly desaturate it. Red cabbage is highly sensitive to pH changes and
to its interaction with different textile substrates. In this case, sustainability must be addressed not only in
terms of natural origin, but also in relation to the durability of the aesthetic effect: an unstable color
reduces the product’s lifespan and may undermine the very principle of responsible consumption. The
United Nations Environment Programme report emphasizes precisely those practices that enhance
circularity and extend the lifespan of materials [1].

Across all three categories, chemicals remain the critical point. The protocols include acetic acid,
lye, and iron salts. For iron sulfate, the European Chemicals Agency indicates in its substance
information that notifications under REACH Regulation identify it as harmful to aquatic life with long-
lasting effects. This does not preclude its use in workshop settings, but it does require discipline: minimal
dosing, separate collection, neutralization, and the avoidance of uncontrolled discharge [5].

The comparison with industry must be approached with caution. A textile design laboratory
cannot—and should not—compete with an industrial facility; however, an analogy based on Life Cycle
Assessment is useful. International Organization for Standardization defines, through ISO 14040 and ISO
14044, the framework for life cycle assessment: goal and scope, system boundaries, inventory analysis,
impact assessment, and interpretation. For the proposed experiments, a simplified LCA is sufficient [6].
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At the industrial level, the BREF document for textiles developed by the Joint Research Centre
of the European Commission explicitly states that the scope covers pre-treatment processes such as
washing, bleaching, mercerization, and the dyeing of fibers and textiles. This reference does not alter the
nature of the experiment, but it provides it with a mature framework, as the project operates at an
educational scale within a domain that, at an industrial level, is governed by the logic of Best Available
Techniques, resource consumption, and emissions [1].

5. RESULT, INTERPRETATION AND FUTURE TESTING DIRECTIONS

5.1. Results and Visual Interpretation

From a design perspective, the chromatic variations obtained through the experiments represent
opportunities for constructing unique visual identities, where each piece becomes non-reproducible.

The analysis of textile samples reveals a rich chromatic palette, characterized by organic hues:
tones of yellow, ochre, and cappuccino (onion skins), grey-green and brown shades (oak leaves), as well
as variations of purple, grey, and desaturated tones (red cabbage, depending on fixation).

A significant element is the influence of mordants on color: acetic acid preserves warmer and
lighter tones, while iron salts generate darker shades, shifting toward grey or khaki.

It was also observed that natural materials produce deeper and more stable colors, whereas
synthetic materials result in paler and less durable outcomes.

5.2. Testing Perspectives

One of the most promising perspectives, formulated following experiments with biopigment
dyeing, is the gradual transition toward biomordants. A recent review on biomordants indicates that
natural materials can reduce dependence on chemical mordanting while supporting color fastness without
eliminating technical control. In the present project’s experiments, leaves and bark rich in tannin
compounds prove to be valuable resources for this stage, especially when combined with the agro-waste
materials already tested [7, 9].

Another direction concerns the optimization of extraction processes. Recent literature shows that
ultrasound and microwave-assisted extraction can shorten processing time and reduce energy
consumption; where such equipment is not available, controlled maceration followed by short heating
can achieve similar results.

The experimental results support the idea that traditional dyeing techniques can contribute to
reducing environmental impact through: the use of local and renewable resources; decreased reliance on
synthetic dyes; and the reduction of pollution associated with industrial processes. However, the
relevance of these practices does not reside exclusively in ecological parameters, but rather in their
capacity to redefine the relationship between the designer and the material. Sustainability thus becomes
not only a set of technical solutions, but also a cultural and ethical positioning that prioritizes conscious
and responsible processes.

The multidisciplinary character of textile research—explicitly articulated through the importance
of traditional methods of production, dyeing, and maintenance, as well as the preservation and promotion
of textile art and the integration of results into the educational process—is essential for the development
of an ecological direction and the promotion of responsible and sustainable consumption. In this study,
interdisciplinarity is not merely declarative; it becomes a method, supported by sample sheets, metadata,
and minimal testing protocols. Traditional dyeing is not only a practice, but also a design principle:
materials are conceived to evolve over time, while patina and tonal shifts become part of the product’s
identity.

The role of small-scale, university-based workshops, for instance, can be understood as a
contemporary laboratory of living heritage, capable of producing prototypes, micro-collections, and
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educational resources. In this way, the training of the contemporary designer shapes the educational
dimension of the study. The involvement of students in such experiments fosters: the development of
sensitivity toward materials; the understanding of processes, not only outcomes; and the acceptance of
variability as an integral part of the creative process. In this context, the workshop becomes a space of
research, and experimentation—an essential pedagogical instrument. Students not only reproduce
techniques, but also learn to observe, interpret, and integrate results into their own design language. This
approach contributes to shaping a generation of designers who operate not solely within the logic of
production, but increasingly within that of cultural and ecological responsibility [8].

5. CONCLUSIONS

The experimental results demonstrate that traditional dyeing techniques can support a credible
discourse on sustainability only when they are approached simultaneously as heritage, as a design
method, and as a responsible practice. Plant-based material alone does not guarantee sustainability;
rather, it is the manner in which it is extracted, fixed, measured, and integrated into a culture of durable
use that defines its relevance. This also represents the core pedagogical stake—the formation of designers
who understand color not merely as an effect, but as a relationship between resource, process, and the
subsequent life of the object.

The integration of these practices into design education contributes to the development of an
interdisciplinary perspective, in which heritage, materiality, and innovation coexist. In this way,
sustainability becomes a form of design culture, constructed through experience, reflection, and
responsibility.
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