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     Abstract:
   The growing demand for advanced textile materials with enhanced functionality has driven intensive re-
search in nanofiber production technologies. Electrospinning has emerged as one of the most versatile, ef-
ficient, and cost-effective methods for fabricating nanofibers with controlled morphology and composition. 
This paper presents an overview of the principles, processes, and applications of electrospinning technology, 
emphasizing its integration into modern spinning systems and textile manufacturing. Special attention is given 
to the development of processes and devices for electrospinning that enable scalable production and the cre-
ation of innovative textile materials. The discussion highlights the potential of electrospun nanofibers for func-
tional material design, including our work on magnetic polyacrylonitrile (PAN) composites that offer tunable 
properties for diverse applications in smart textiles, biotechnology, energy, and environmental engineering. 
The textile industry is undergoing a transformation driven by the need for lightweight, multifunctional, and 
sustainable materials. Traditional spinning technologies, while highly developed, face limitations in produc-
ing nanoscale fiber structures with unique surface area and mechanical properties. Electrospinning, a process 
that utilizes electrostatic forces to draw fine fibers from polymer solutions or melts, bridges this gap, allowing 
for the creation of fibers with diameters ranging from tens of nanometers to a few micrometers, opening new 
possibilities in textile engineering and material science.
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    1. Introduction and Overview
   Intense research into nanofiber production tech-
nologies is being driven by the increasing need for 
high-performance textile materials. As a high-preci-
sion fiber-formation technique, electrospinning has 
become a premier choice for fabricating nanofibers 
with precise control over their morphology and com-
position. It is renowned for its ability to efficiently 
generate continuous fibers across a wide diameter 
spectrum, typically from sub-100 nanometers to 
several micrometers, while remaining both versatile 
and cost-effective[1]. This capacity for producing 
continuous, ultra-fine fibers—a feature largely un-
matched by conventional fiber drawing—has posi-
tioned electrospinning as a core strategic pathway 
for the future of the textile industry. The technology 
facilitates the creation of materials that meet rigorous 
new performance benchmarks, primarily through 
the exceptional high surface-area-to-volume ratio 
(often thousands of times greater than convention-
al fibers) and the readily customizable high porosity 
(often exceeding 70-90%) of the resulting nanofiber 
mats [2].
    The exceptional versatility of electrospinning is 
its core strength, enabling the formation of function-
al textiles and advanced material matrices from an 
extraordinarily broad array of precursors, including 
synthetic and natural biopolymers, as well as crucial 
functional components like ceramics and metal ox-
ides (such as iron oxide), which impart specialized 
properties such as thermal stability or magnetism 
[3]. These  attributes yield unique collective prop-
erties in the resulting nonwoven mats, such as high 
flexibility, exceptional filtering capabilities, and ex-
traordinary surface reactivity, opening doors to ap-
plications from medical filtration to energy storage.
While the transformative potential is clear, a critical 
challenge remains: the viable and cost-effective in-
tegration of electrospun nanofibers into convention-
al, high-volume textile manufacturing [2]. This re-
quires overcoming current scale-up limitations and 

implementing recent device innovations focused on 
drastically increasing production throughput and op-
timizing material handling [2, 3].
This study summarizes the underlying fundamentals 
of the technology and the device innovations needed 
for industrial adoption, and the thermomechanical 
properties of confined magnetic nanoparticles with-
in an electrospun polyacrylonitrile (PAN) nanofiber 
matrix. Additionally, the magnetic PAN composite 
nanofibers we previously reported serve as a case 
study to effectively illustrate the essential connec-
tion between the production method, the resultant 
morphology, and the final functional parameters of 
the material. [4].

    2. Fundamentals of Electrospinning
    2.1. Basic Principle and Electrostatic Forces
  Electrospinning is an electrically driven process 
that harnesses electrostatic forces to draw a visco-
elastic polymer solution or melt into continuous 
ultrafine fibers [1–3]. The fundamental laboratory 
setup (Figure 1) is deceptively simple, consisting of 
three main components: a high-voltage power sup-
ply, a spinneret (usually a metal needle) delivering 
the polymer fluid and a grounded collector (typically 
a flat plate or a rotating drum) [1–3].
    The process begins when a high-voltage electric 
field (ranging typically from 5 kV to 50 kV, depend-
ing on the setup and material) is applied across the 
gap. This field induces charge accumulation on the 
surface of the polymer fluid droplet at the needle tip, 
which is then shaped by competing forces: the sur-
face tension of the liquid trying to maintain a spher-
ical droplet, and the electrostatic repulsion between 
the surface charges trying to force the liquid apart. 
When the repulsive electrostatic force overcomes 
the surface tension, the droplet elongates into a char-
acteristic conical shape known as the Taylor cone. 
From the apex of this cone, a fine, charged liquid jet 
is ejected.
     As this jet travels toward the collector, two critical 
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phenomena occur simultaneously: the solvent evap-
orates (or the polymer melt solidifies), and the jet 
undergoes a complex bending or whipping instabil-
ity. This instability—a rapid, chaotic lateral deflec-
tion of the jet path—is crucial. It subjects the jet to 
immense tensile and shear forces, stretching the jet 

by several orders of magnitude and causing its di-
ameter to collapse from micrometers to nanometers 
before it is deposited onto the collector. This final 
process grants researchers and engineers high con-
trol over the resulting fiber orientation and the final 
morphology (e.g., solid, porous, core-shell) [1, 3].

Figure 1. Basic electrospinning setup (Lab-scale)

    2.2. Interplay of Critical Process Variables
  The final characteristics of the nanofiber (includ-
ing diameter, alignment, mat porosity, and surface 
quality) are determined by the precise and complex 
interplay of three major groups of variables [2, 3]:
	 1. Solution/Melt variables (material pa-
rameters): Polymer concentration and molecular 
weight (determining viscosity and entanglement), 
conductivity (enhancing stretching), and solvent 
volatility (influencing evaporation rate and fiber po-
rosity).
	 2. Process variables (operational parame-
ters): The applied voltage (influencing jet stability 
and stretching), polymer feed flow rate (affecting 
fiber thickness), and the tip-to-collector distance (al-
lowing time for solvent evaporation).
	 3. Ambient factors (environmental condi-
tions): The surrounding temperature and humidity 
(which influence mass transfer dynamics and final 
fiber morphology).

  3. Process–Structure–Property Linkage and 
Scalability
    3.1. Process–Structure–Property Linkage
    For textile applications, the process–structure–
property linkage is central. Tuning the process 
variables achieves desired structural features (fiber 
diameter, alignment, pore size, and mat porosity), 
which then directly govern final performance prop-
erties crucial for advanced textile integration [3]. 
Table 1 explains the structural characteristics that 
directly control the resulting textile performance of 
the fiber mats:
	 • Breathability and filtration efficiency: 
Governed by pore size; ultrafine fibers enhance par-
ticle removal while maintaining air permeability.
	 • Mechanical strength and durability: In-
fluenced by fiber alignment and polymer matrix in-
tegrity.
	 • Functional attributes: Properties like con-
ductivity, antimicrobial action, and sensing capabili-
ty, imparted by incorporating functional additives or 
controlling fiber architecture.



СПИСАНИЕ “ТЕКСТИЛ И ОБЛЕКЛО”6

Table 1. Structural feature of the fiber, its direct influence and resulting performance of the fibers

     3.2. Device innovations for scalability
   To overcome the low throughput of single-nee-
dle systems and facilitate roll-to-roll continuous in-
dustrial manufacturing, focus has shifted entirely to 
high-throughput device innovations [2, 3]:
	 • Needleless electrospinning systems: Gen-
erate multiple, stable polymer jets simultaneously 
from a free surface (e.g., a rotating wire or disk), 
significantly mitigating flow rate limitations [5].
	 • Continuous collection and hybrid spinning 
lines: Utilize rotating drums or endless belt convey-
ors for continuous deposition onto moving substrate 
belts. Hybrid spinning lines deposit the nanofiber 
web directly onto pre-existing conventional textile 
substrates for mechanical support.
	 • Controlled manufacturing environments: 
Enclosed chambers that maintain precise control 
over ambient factors, incorporate solvent recovery 
systems for safety, and allow for essential in-line 

post-treatments (e.g., crosslinking, lamination) to 
ensure durability [2].

    4. Specific Polymers in Electrospun Nanofibers
  Polymers are classified into synthetic and natural 
categories. Synthetic polymers offer reproducibility 
and tunable mechanical properties [5, 6], while nat-
ural polymers are favored for their inherent biocom-
patibility and resemblance to the native extracellular 
matrix.
   A compilation of synthetic and natural polymers 
employed in electrospinning is provided in Tables 
2 and 3, which summarize their key characteristics, 
advantages, and primary applications across several 
fields, including tissue wngineering, drug delivery, 
filtration, and protective textiles.
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 Table 2. List of some of synthetic polymers used in electrospinning

    4.2. Natural Polymers
Table 3. List of some of natural polymers used in electrospinning

   4.1. Synthetic Polymers
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    5. Applications in Textile Engineering
    5.1. Smart and Functional Fabrics
   The demand for smart and functional fabrics ne-
cessitates the integration of responsive and con-
ductive materials (e.g., Graphene oxide, magnetic 
particles, etc.) to achieve advanced properties [3]. 
The fabrication of functionalized textiles is essential 
for advanced technologies, including wearable elec-
tronics, EMI shielding, and self-cleaning surfaces. 
Our magnetic PAN nanofiber system [4] specifically 
addresses the requirement for EMI Shielding mate-
rials and provides responsive functionalities. The lit-
erature has previously demonstrated the significant 
potential of these responsive materials for remote 
sensing and actuation [25, 26, 27].

    5.2. Sustainable and Green Textiles
    Demand for sustainability is met through green-pro-
cess electrospinning, focusing on bio-based/biode-

gradable polymers (e.g., chitosan, silk fibroin) and 
water-based or low-toxicity solvent systems [3, 12]. 
Additionally, electrospinning enables structurally 
colored fibers—a dye-free solution where color de-
rives from light manipulation by engineered nano-
structures (photonic crystals), eliminating hazardous 
chemical colorants [3].

    5.3. Biomedical and Medical Textiles
  Polymer nanofibers are revolutionizing drug de-
livery and tissue regeneration (Figure 2). Their high 
surface area allows for stable incorporation and sus-
tained, localized, and controlled release of drugs 
[10, 28, 29, 30]. Electrospun mats closely mimic the 
natural extracellular matrix (ECM), promoting cell 
proliferation essential for tissue repair, serving as 
advanced wound dressings or tissue-scaffold mate-
rials [32].

Figure 2. Future fabric: Developing advanced textiles through electropinning & Revolutionizing 
textiles for biomedical and beyond
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    6. Key Research Results: Magnetic PAN 
Nanofibers
   Our research is centered on enhancing Polyacry-
lonitrile (PAN) nanofibers through the incorpora-
tion of magnetic ferrite nanoparticles directly into 
the fiber matrix [4]. This modification integrates 
advanced functional capability into the textile 

structure, as detailed in our comprehensive study of 
the thermomechanical properties of these confined 
particles. Figures 3 and 4 show the SEM, EDX, 
FTIR, and thermomechanical (DMA) results (com-
parison in Table 4) obtained for the PAN nanofibers 
containing some ferrite nanoparticles.

Figure 3.  SEM and EDX of ɤ-iron oxide nanoparticles containing Polyacrylonitrile composite nanofibers. [Adapted  
from B. Sarac, V. Soprunyuk, G. Herwig, S. Gümrükçü, E. Kaplan, E. Yüce, W. Schranz, J. Eckert, L. F. Boesel and A. 
S. Sarac, Nanoscale Adv., 2024, 6, 6184, DOI: 10.1039/D4NA00631C. Reproduced from an open access article under 

a Creative Commons Attribution (CC BY) license (RSC).]

Figure 4.  Comparative FTIR and thermomechanical measurements of Polyacrylonitrile(PAN) and composite (ɤ-iron 
oxide, MnZn-Ferrite nanoparticles containing) nanofibers[6].[Adapted from B. Sarac, V. Soprunyuk, G. Herwig, S. 
Gümrükçü, E. Kaplan, E. Yüce, W. Schranz, J. Eckert, L. F. Boesel and A. S. Sarac, Nanoscale Adv., 2024, 6, 6184, 
DOI: 10.1039/D4NA00631C. Reproduced from an open access article under a Creative Commons Attribution (CC 

BY) license (RSC).] 
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Table 4. Thermomechanical Properties of Magnetic PAN Nanofibers (4)

     7. Industrial Adoption, Challenges, and Future 
Directions
   Industrial adoption faces hurdles, including low 
production rate, the necessity of replacing toxic sol-
vents, cost-effective scalability, ensuring uniformity, 
managing HSE (Health, Safety, and Environment) 
concerns, and achieving durability against textile 
handling [2, 6].
   The future trajectory of electrospun textiles will 
focus on:
	 1. Process Innovation: Development of 
needleless systems and roll-to-roll continuous pro-
duction lines [5].
	 2. Sustainability: Prioritizing water-based 
systems and biodegradable polymers [6].
	 3. Product Evolution: Advancing toward 
hybrid textile–nanofiber systems for smart textiles 
and IoT integration [5].

     Conclusion
   Electrospinning is confirmed as a critical and 
transformative fabrication platform for the future of 
textiles, offering capabilities that move significantly 
beyond traditional manufacturing methods. Its abili-
ty to produce continuous nanofibers with controlled 
morphology is key to functional enhancement, 
delivering materials with an exceptional high sur-
face-area-to-volume ratio and tunable porosity.
This technology is a fundamental enabler of sustain-
able and smart textile innovation through:
	 • Structurally colored fibers: A sustain-
able, dye-free alternative using engineered photonic 
nanostructures.
	 • Self-healing materials: Enhancing dura-
bility via autonomous damage repair mechanisms.
	 • Advanced smart textiles: Providing flex-
ible, conductive, and responsive fabrics ideal for 
wearable electronics and advanced sensing capabil-
ities, exemplified by the magneto-responsive PAN 
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composite systems.
    However, the major obstacles to market penetra-
tion remain low production rates, the necessity of 
replacing toxic solvents with greener alternatives, 
and the need to improve economic feasibility for 
large-scale manufacturing. Overcoming these scale-
up issues through innovations in needleless and 
continuous processing is essential for widespread 
commercial adoption. In summary, electrospinning 
integrates nanotechnology, material science, and 
textile engineering to redefine functional textiles, 
promising a new generation of high-performance, 
sustainable, and sophisticated materials.
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