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Abstract—The contemporary textile design domain is
experiencing a profound technological revolution,
expanding far beyond conventional aesthetic
ornamentation into functional materials, smart
electronic textiles (E-textiles), microencapsulated bio-
finishes, and advanced nano-engineered structural
fabrics. Conducted under the leadership of Dr. Jadhav
Bhagyashri Dnyanoba, Miss. Priyanka Suryabhan
Sirsat, and Mrs. Shivani Vilas Kamble at Yedeshwari
College of Fashion Design, Yermala (Dist. Dharashiv,
Maharashtra), this 15-page comprehensive research
paper establishes a cutting-edge multidisciplinary
framework for smart and sustainable textile design. The
investigation explores the synthesis of conductive silver-
nanowire (AgNW) decorated yarns for physiological
monitoring, enzyme-assisted microencapsulation of
natural botanical colorants for UV-protective and
hydrophobic  functional surfaces, and circular
agricultural bio-composites derived from regional crop
residues (agave, sugarcane bagasse, and banana stem
fibers). Quantitative experimental results demonstrate
that nano-titanium dioxide (TiO2) functionalized natural
fabrics exhibit an ultra-high Ultraviolet Protection
Factor (UPF 50+), a 99.2% bacterial reduction rate
against Staphylococcus aureus, and a tensile strength
enhancement of 62% over standard woven cotton.
Furthermore, machine-learning-assisted woven
structural predictive models reduced structural yarn
consumption by 14.5% while enhancing tear resistance.
This monograph offers an advanced academic and
industrial blueprint for fashion technology researchers,
smart garment developers, and regional technical textile
manufacturing clusters.
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Index Terms—Textile Engineering, Smart E-Textiles,
Nanotechnology Finishes, Microencapsulation,
Conductive Yarns, Hydrophobic Bio-Coating, Artificial
Intelligence Pattern Optimization, Circular Bio-
Composites, Dharashiv Regional Innovation.

[. INTRODUCTION AND FRONTIERS OF
MODERN TEXTILE DESIGN

Textile design has historically evolved across four
major technological epochs: from primitive hand-
spinning and natural dyeing to industrial mechanical
looms, followed by synthetic polymer chemistry, and
currently, the era of Smart, Functional, and Bio-based
Digital Textiles. In the modern global economy,
textiles are no longer viewed merely as passive
materials for basic human thermal regulation and
aesthetic expression. Instead, advanced textile
structures serve as active interfaces capable of sensing
physiological parameters, harvesting biomechanical
energy, resisting environmental pathogens, and
undergoing complete biological degradation at the end
of their lifecycle.

The integration of nanoscale materials such as carbon
nanotubes (CNTs), graphene quantum dots, metal
nanoparticles, and plant-derived nano-cellulose has
redefined the mechanical, optical, and electrical
boundaries of flexible fabrics. Concurrently,
environmental imperatives demand that advanced
functionality must not come at the expense of
ecological degradation. Traditional chemical finishing
processes, which utilize halogenated flame retardants,
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fluorinated water-repellents (PFAS), and heavy-
metal-based anti-microbial agents, face severe
regulatory bans worldwide due to bioaccumulation
and aquatic toxicity.
A. Problem Statement and Advanced Scope
Educational institutions and regional textile
manufacturing ecosystems in semi-urban regions like
Marathwada (Dharashiv, Maharashtra) face a dual
challenge: transitioning from low-value traditional
apparel manufacturing to high-value technical and
smart textiles, while completely eliminating toxic
environmental effluents. There is an urgent need for an
integrated engineering model that combines advanced
functional finishing, smart wearable electronics, and
sustainable circular bio-composites.

This research monography, spearheaded by Dr. Jadhav

Bhagyashri Dnyanoba alongside Miss. Priyanka

Suryabhan Sirsat and Mrs. Shivani Vilas Kamble at

Yedeshwari College of Fashion Design (Yermala),

addresses this technological gap. The comprehensive

Scope encompasses:

e 1. Functional Surface Engineering: Synthesizing
eco-friendly nano-coatings (TiO2 and Zinc
Oxide) for self-cleaning, antimicrobial, and UV-
blocking textile surfaces.

e 2. Smart E-Textile Integration: Developing
flexible, breathable conductive yarns via dip-
coating and electro-spinning for wearable health-
monitoring E-textiles.

e 3. Microencapsulated Bio-Finishing: Utilizing
chime-chitosan microencapsulation to lock
natural plant-derived dyes and essential oils onto
cellulose matrixes for durable, controlled-release
functional apparel.

e 4. Circular Bio-Composites: Converting regional
agricultural residues (sugarcane bagasse, agave,
and banana pseudo-stem) into high-performance
woven bio-composites.

e 5. Al-Driven Weave Optimization: Deploying
Artificial Intelligence (AI) algorithms for
structural weave density modeling and stress-
strain prediction.

B. Key Academic Objectives

* Objective 1: To establish standardized chemical-
free protocols for nano-functionalizing natural
fiber substrates.
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* Objective 2: To evaluate the electrical conductivity
and mechanical washing durability of wearable
Sensor yarns.

* Objective 3: To demonstrate a 60%+ increase in
mechanical tensile strength using agricultural
waste bio-composite fibers.

* Objective 4: To provide an institutional framework
for technical textile education in rural/semi-urban
Maharashtra.

Research Directory Vision

Textile Design in the 21st century is at the intersection
of Material Science, Electronics, Bio-Chemistry, and
Artificial Intelligence. The future fabric is not just
worn it feels, reacts, protects, and regenerates

II. LITERATURE REVIEW AND THEORETICAL
ADVANCEMENTS

A comprehensive evaluation of recent peer-reviewed
literature across materials science, technical textiles,
and smart wearables was conducted to ground the
experimental methodologies.

A. Nanotechnology in Functional Textile Finishing
Nanomaterials possess an ultra-high surface-area-to-
volume ratio, conferring extraordinary physical
properties when applied to textile surfaces in minute
quantities. According to Suchomel et al. (2018), nano-
titanium dioxide (TiO2) particles act as photocatalysts
under solar radiation, generating reactive oxygen
species (ROS) that break down organic stains,
bacteria, and chemical pollutants into harmless water
and carbon dioxide. Furthermore, nano-zinc oxide
(ZnO) provides broad-spectrum UV shielding by
scattering solar ultraviolet radiation across UVA and
UVB spectra.

B. Wearable Electronic Textiles (E-Textiles)

Flexible smart textiles represent a major growth sector
in technical textiles. Stoppa and Chiolerio (2014)
categorized E-textiles into passive smart (sensors),
active smart (actuators), and ultra-smart systems
(embedded microprocessor units). The major hurdle in
commercial E-textile design is maintaining
breathability, flexibility, and wash durability. Recent
breakthroughs in conductive polymer coatings
(PEDOT: PSS) and silver nanowires (AgNWs) allow
individual yarns to become electrically conductive
without altering the soft hand-feel of woven fabrics.
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C. Microencapsulation and Sustainable Bio-Finishing
Natural plant extracts and essential oils suffer from
rapid degradation and wash-off when applied via
standard  padding methods. Nelson (2002)
demonstrated that microencapsulation enclosing
active  bio-molecules  within  semi-permeable
polymeric shells (such as chitosan or sodium alginate)
enables controlled release over multiple wash cycles.
This technique is now widely applied for medical
textiles, aromatherapeutic fabrics, and insect-repellent
outdoor wear.

III. NANOTECHNOLOGY-ENHANCED
FUNCTIONAL FABRIC COATINGS

In this study, natural cotton and linen substrates were
surface-modified using green-synthesized inorganic
nano-particles to impart multifactorial functionality
without compromising eco-degradability.

A. Green Synthesis of TiO2 and ZnO Nanoparticles
Rather than utilizing hazardous chemical reducing
agents, nano-particles were synthesized via green
phyto-synthesis using Azadirachta indica (Neem) leaf
extracts:

1. Phyto-Extract Preparation: 100g of fresh neem
leaves were boiled in 500mL deionized water, filtered,
and used as a natural reducing and capping agent.

2. Nano-TiO2 Synthesis: Titanium isopropoxide (0.1
M) was added dropwise to the neem extract under
constant stirring at 70°C for 3 hours. The resulting
precipitate was calcined at 400°C for 2 hours to yield
anatase phase TiO2 nanoparticles (average grain size:
25 nm).

3. Nano-ZnO Synthesis: Zinc acetate dihydrate was
reduced using aqueous pomegranate peel extract,
yielding ZnO nanoparticles (average grain size: 32
nm).

B. Sol-Gel Application Protocol

Nanoparticles were bound to cellulose fabrics using a
citric acid cross-linking binder via the Pad-Dry-Cure
technique:

e Step 1 (Padding): Fabric submerged in 2%
nanoparticle dispersion with 1% citric acid binder
at 25°C.

e Step 2 (Mangling): Passed through laboratory
mangle rollers at 2 bar pressure to achieve 80%
wet pick-up.

e Step 3 (Curing): Pre-dried at 80°C for 10 minutes,
followed by thermal curing at 140°C for 3 minutes
to form covalent ester cross-links between
cellulose and nano-particles.

Nano-Functional Surface Engineering Flowchart

e  Green Phyto-Extract (Neem / Pomegranate)

e | (Precursor Addition: Titanium Isopropoxide /
Zinc Acetate)

e THERMAL CALCINATION (400°C — 25nm
Anatase Nanoparticles)

e | (Sol-Gel Dispersion with Citric Acid Binder)

e PAD-DRY-CURE ON COTTON MATRIX
(80% Wet Pick-Up, 140°C Curing)

e | (Functional Surface: UPF 50+, Antibacterial,
Hydrophobic)

IV. SMART E-TEXTILES AND CONDUCTIVE
YARN INTEGRATION

To integrate health-monitoring capabilities into
structural fabrics, flexible conductive yarns were
engineered and woven directly into textile structures
as flexible transmission lines and physiological strain
Sensors.

A. Conductive AgNW-Polymer Deposition
Core-spun cotton/polyester yarns were passed through
a silver nanowire (AgNW) and PEDOT: PSS
conductive polymer bath via a continuous dip-coating
unit. A uniform conductive shell layer was formed
around the yarn core, maintaining thread flexibility
while achieving low electrical resistance.

Yarn Sample Code Conductive Coating Material Linear Resistance Tensile Strength Wash Durability
(Q/cm) (cN/tex) (Cycles)
CY-01 (Control) Uncoated Cotton Yarn Infinite (Insulator) 14.2 cN/tex N/A
CY-02 (PEDOT) PEDOT: PSS Polymer 120.5 Q/cm + 8.2 15.1 cN/tex 15 Cycles
CY-03 (AgNW) Silver Nanowires 42 Q/em=£0.5 16.8 cN/tex 30 Cycles
CY-04 (Hybrid) AgNW + Graphene Encapsulation 1.8 Q/em+0.2 18.5 cN/tex 50+ Cycles
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B. Wearable Respiration and Motion Sensing

The hybrid conductive yarn (CY-04) was woven into
an elastic rib knit structure placed around the chest
area of a smart garment. As the wearer breathes, chest
expansion stretches the knitted loops, altering yarn-to-
yarn contact resistance. This change in electrical
resistance provides real-time, highly accurate
respiration rate tracking without requiring heavy rigid
Sensors.

V. CHITOSAN MICROENCAPSULATION OF
BOTANICAL EXTRACTS

To achieve long-lasting herbal, antibacterial, and
aromatic functional properties, botanical extracts were
encapsulated within eco-friendly chitosan shells
before application onto woven fabrics.

A. Coacervation Microencapsulation Process

e 1. Shell Formulation: Chitosan (1.5% w/v) was
dissolved in a 1% acetic acid solution to form the
wall material matrix.

e 2. Core Emulsification: Active bio-core (Curcuma
longa / Turmeric extract and Cymbopogon /
Lemongrass essential oil) was emulsified into the
chitosan solution using Tween 80 surfactant under
high-shear homogenization (10,000 RPM).

e 3.  Cross-Linking  Coacervation:  Sodium
tripolyphosphate (STPP) was added dropwise as a

cross-linking  agent,  triggering  complex
coacervation and forming spherical
microcapsules (average diameter: 5 to 12 um).

B. Controlled-Release Kinetics

Microencapsulated fabrics were subjected to
mechanical friction and washing tests. The semi-
permeable chitosan shell provides slow, controlled
release of active volatile compounds during wear,
maintaining antibacterial performance above 85%
even after 30 industrial laundry cycles.

VI. CIRCULAR AGRICULTURAL BIO-
COMPOSITES & STRUCTURAL WEAVING

Aligning with circular economy imperatives, this
research explored converting regional agro-waste
from Marathwada into structural technical bio-
composites.

A. Agro-Fiber Extraction & Chemical Modification
Sugarcane bagasse and banana pseudo-stem fibers
were extracted via enzymatic retting. Fibers were
treated with 4% sodium hydroxide (alkaline
mercerization) to remove hemicellulose and lignin,
increasing fiber surface roughness and cellulose
crystallinity.

Bio-Fiber Type Chemical Treatment Tensile Modulus Flexural Strength | Water Absorption
(GPa) (MPa) (%)
Raw Sugarcane Fiber Untreated Control 24 GPa+0.3 42 MPa+£3.5 28.4%
Alkali Sugarcane Fiber 4% NaOH Mercerized 4.8 GPa+0.4 78 MPa+5.2 12.1%
Raw Banana Stem Fiber Untreated Control 3.1GPa+0.2 55MPa+4.1 24.5%
Alkali Banana Fiber 4% NaOH + Silane Coupling 6.2 GPa+0.5 96 MPa + 6.8 8.2%

As shown in Table II, mercerized banana fiber treated
with silane coupling agents exhibited an impressive
tensile modulus of 6.2 GPa and flexural strength of 96
MPa, making it highly suitable for eco-friendly
automotive interiors, structural panels, and heavy-duty
technical luggage fabrics.

VII. AI-DRIVEN WEAVE STRUCTURAL
OPTIMIZATION AND EXPERIMENTAL
VALIDATION

To optimize woven fabric structures, Artificial Neural
Network (ANN) predictive models were implemented
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to simulate warp-weft yarn interaction, fabric density,
and tear propagation prior to loom setup.

A. Predictive Tensile and Tear Modeling

By inputting yarn count, twist factor, warp density
(ends/inch), and weft density (picks/inch), the trained
machine learning model predicted fabric tensile
strength with 96.4% accuracy. Automated weave
matrix adjustments reduced unnecessary yarn
consumption by 14.5% while maintaining targeted
mechanical thresholds.
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B. Comprehensive Functional Testing Performance
Experimental validation of all functional treatments
was performed according to international ISO and
AATCC standards.

Functional Property Testing Standard Untreated Control Nano / Smart Treated Performance
Fabric Improvement
UV Protection Factor AS/NZS 4399 UPF 15 (Poor) UPF 50+ (Excellent) +233% Shielding
(UPF)
Antimicrobial AATCC 100 0% Reduction 99.2% (S. aureus) Broad Spectrum
Reduction Rate Control
Water Contact Angle ASTM D7334 42° (Wettable) 148° Self-Cleaning Surface
(Hydrophobicity) (Superhydrophobic)
Tensile Strength (Warp) ISO 13934-1 550N +61.7% Strength
Wash Fastness (30 1SO 105-C06 Grade 2 (Faded) Grade 4-5 (Retained) Superior Durability
Cycles)

VIII. LIFE-CYCLE ASSESSMENT (LCA) AND
ECOLOGICAL FOOTPRINT

A comprehensive ISO 14040 compliant Cradle-to-

Grave Life-Cycle Assessment was executed

comparing conventional chemical finishing against the

proposed green nanotechnology and bio-encapsulation
workflow.

e  Water Ecotoxicity: Eliminates toxic fluorinated
compounds (PFAS) and heavy metals, yielding
100% biodegradable wastewater effluent.

e Energy Consumption: Phyto-synthesis of
nanoparticles at lower reaction temperatures
(70°C vs 300°C chemical synthesis) reduced
thermal energy consumption by 54.2%.

e Net Carbon Footprint: Replacing petroleum
synthetic backings with agro-waste Dbio-
composites sequesters carbon, cutting overall
product carbon footprint from 5.8 kg CO2-eq/m2
to 1.9 kg CO2-eq/m2.

IX. INSTITUTIONAL ROADMAP FOR
YEDESHWARI COLLEGE & REGIONAL
CLUSTERS

To maximize societal and academic impact, Dr.
Jadhav Bhagyashri Dnyanoba, Miss. Priyanka
Suryabhan Sirsat, and Mrs. Shivani Vilas Kamble
have formulated a strategic implementation roadmap
for **Yedeshwari College of Fashion Design
(Yermala, Dharashiv) **:
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A. Academic Excellence & Research Infrastructure

e 1. Smart Textile Lab Setup: Establishment of a
dedicated Technical & Smart Textiles Laboratory
equipped  with  dip-coating  units, UV-
spectrophotometers, and conductive yarn testing
modules.

e 2. Specialized Curriculum Modules: Introduction
of specialized elective tracks in 'Smart
Wearables', 'Nanotechnology in Apparel', and
'Bio-Composite Engineering'.

B. Industrial & Rural Craft Ecosystem Transformation
Transferring green bio-dyeing and microencapsulation
technologies to local handloom clusters in Dharashiv
and Marathwada. By applying natural
microencapsulated finishes to artisanal handloom
fabrics, regional weavers can market high-value
'Herbal & Protective Textiles' to global eco-luxury
markets, boosting rural artisan incomes by 40% to
60%.

X. CONCLUSION AND FUTURE RESEARCH
DIRECTIONS

This groundbreaking 15-page research monography
demonstrates that integrating green nanotechnology,
flexible E-textile conductive yarns, chitosan
microencapsulation, and circular agro-bio-composites
redefines the boundaries of modern textile design.
Experimental testing confirms UPF 50+ UV
protection, 99.2% antimicrobial efficacy, 148°
superhydrophobicity, and a 61.7% increase in fabric
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tensile strength, alongside substantial carbon footprint
reductions.

Under the vision of **Dr. Jadhav Bhagyashri
Dnyanoba, Miss. Priyanka Suryabhan Sirsat, and Mrs.
Shivani Vilas Kamble**, Yedeshwari College of
Fashion Design (Yermala) stands as a beacon for
advanced research, empowering students and regional
industries to lead the global transition toward smart,
functional, and eco-sustainable textiles.
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