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ABSTRACT 

 onductive textiles, which integrate electrical functionality into textile substrates, have 
emerged as a critical enabling technology for wearable electronics, health monitoring, 
smart clothing, and wearable sensors. This review article examines the state of the art 

in conductive textile materials, fabrication methods, evaluation techniques, and the key 
challenges that remain particularly durability, washability, mechanical deformation, and power 
integration. Recent advances in conductive inks, nanomaterials (such as graphene, silver 
nanowires, carbon nanotubes), polymer coatings and hybrid fibers are evaluated. We also 
review strategies that have been proposed to improve durability, including encapsulation, 
crosslinked or dual networks, substrate selection, and weaving/knitting/embroidery techniques. 
Applications in wearables, healthcare monitoring, and signal sensing are discussed. Finally, we 
propose future research directions aimed at bridging the gap between lab-scale demonstrations 
and commercialization. 

1. Introduction 

Textiles have long been part of human life, primarily for protection, comfort, fashion, and 

utility. With advances in materials science, electronics, and fabrication processes, a new class 

of textiles i.e. conductive textiles or electronic textiles (e-textiles) has emerged. These combine 

the softness, lightness, flexibility, and air permeability of traditional fabrics with electrical 

conductivity, sensing, communication, and actuation capabilities. Conductive textiles can be 

made conductive in different ways: by integrating conductive fibers/yarns during weaving or 

knitting; by coating or plating existing fibers or fabrics; by printing conductive materials onto 

substrates; or by embedding conductive circuits. These enable a wide range of applications: 

wearable health monitoring (ECG, EMG, temperature), human–machine interfaces, smart 

clothing (light-emitting or color-changing fabrics), sports and fitness, military/defense textiles, 

and more (Grancaric et al., 2018 and Tseghai et al., 2020). 

C
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However, integration of electronic function with textiles brings serious challenges. Among 

them are: maintaining conductivity under bending, stretching, abrasion; ensuring durability, 

including through repeated wash cycles; adhesion of coatings/inks to textile fibers; power 

supply and interconnection; preserving comfort, breathability, appearance; and cost and 

scalability. This review focuses on recent advances (last ~5 years) in materials and fabrication 

strategies for conductive textiles, evaluation of durability (especially washability), and 

strategies to overcome the limitations (Maity and Chatterjee, 2018 and Rayhan et al., 2022).  

2. Materials for Conductive Textiles 

The choice of conductive material is foundational. Key classes include: 

i. Metals and metal-coated yarns/fibers 

o Silver (Ag), copper (Cu), sometimes nickel or gold coatings. Silver offers high 

conductivity and good compatibility with textile processes. 

o Copper has cost advantages but more prone to oxidation unless well protected. 

o Metal coatings or plating of fibers/fabrics; metal wires embedded into yarns. 

ii. Carbon-based nanomaterials 

o Graphene, graphene nanoplatelets (GNP), reduced graphene oxide (rGO). 

o Carbon nanotubes (CNTs) and carbon nanofibers. 

iii. Conductive polymers 

o Polymers like PEDOT:PSS, polyaniline, polypyrrole. These are flexible and 

lightweight, though often lower in conductivity compared to metals. 

iv. Hybrid/composite materials 

o Combinations: metallic fillers + carbon fillers; conductive inks with polymer 

binders; metal nanowires embedded in polymer matrices. 

v. Substrate / textile base materials 

o Natural fibers (cotton, wool), synthetic fibers (polyester, nylon, elastane), 

blends. 

o Knit, woven, non-woven, embroidered, etc. The textile structure (weave, knit, 

fibre orientation) crucially affects mechanical properties, stretch, abrasion, 

washability. 

3. Fabrication and Integration Methods 

There are two broad categories: (A) integrating conductive yarns / fibers, and (B) applying 

conductivity on existing textiles (Kazani et al., 2012 and Ojstrsek et al., 2022). 

3A. Integration of conductive yarns / fibers 
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 Weaving / knitting conductive fibers or yarns directly into textiles. Allows the 

conductivity to be built in, often producing more durable integration. 

 Embroidery of conductive yarns onto (or into) motifs or circuits. Offers design 

flexibility. 

 Hybrid yarns: combining core-fibers (metal or coated) with insulating or support 

fibers for stability. 

3B. Applying conductivity on existing textiles 

 Coating / dip-coating: immersing fabric into conductive solution or suspension, 

followed by curing. 

 Printing / depositing conductive inks: screen printing, ink-jet printing, spray coating, 

direct write. 

 Plating / metallization: sputtering, electroless plating, vapor deposition of metals on 

fabric. 

 In situ polymerization: forming conductive polymer inside or on the textile matrix. 

4. Durability and Washability: Key Challenges & Metrics 

A major barrier for real-world application of conductive textiles is maintaining performance 

over time, especially through washing, wear, bending, stretching, abrasion, environmental 

exposure (humidity, temperature), and handling (Zhu et al., 2021 and Ding et al., 2024). 

4A. Washability 

 Repeated washing cycles cause mechanical stress (agitation, twisting), chemical 

exposure (detergents, bleaches), thermal stress, and moisture ingress. These degrade 

conductive coatings or materials, reduce adhesion, cause cracking, delamination, 

oxidation, or loss of conductive paths. 

 Studies show varying degrees of wash durability depending on the conductive material, 

substrate, integration method, and protective measures.  

4B. Mechanical deformation 

 Bending, stretching, twisting: these cause strain, microcracks. Conductive networks 

(e.g. metal coatings or nanomaterials) may disconnect or break under strain. 

 Knit structures often more stretchable; woven less so, but may resist bending better 

depending on yarn structure and thickness. 

4C. Abrasion and wear 

 Physical rubbing, friction (inter-fiber movement, external abrasion) degrade or remove 

conductive layers/coatings. 

 Porous surfaces or hairy fibers exacerbate damage. 
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4D. Adhesion and interface 

 The bond between conductive layer/filler and textile fiber or substrate matters: poor 

adhesion leads to delamination, peeling. 

 Pre-treatments (plasma, surface roughening, chemical primers), choice of binder or 

polymer matrix, encapsulation layers all affect adhesion. 

4E. Testing and metrics 

 Electrical conductivity / resistance: e.g., sheet resistance, volume resistivity, linear 

resistance (for yarns). 

 Changes in resistance after washing/stretching/bending. 

 Standardized washing protocols (ISO 6330 etc.), abrasion testing, mechanical cycling. 

 Functional performance: whether the textile still works as sensor/actuator etc. 

5. Strategies for Improving Durability & Washability 

From existing literature, several strategies have emerged to improve the durability and 

washability of conductive textiles (Fu et al., 2018 and Sharaf, 2020): 

Strategy Description Trade-offs / Issues 

Encapsulation / 

protective 

coatings 

Applying polymer overcoats (PU, 

PVA, polyurethane, etc.), laminates, 

or embedding circuits within 

protective layers to shield conductive 

parts from mechanical/chemical 

damage. 

May reduce breathability, 

flexibility; increases 

thickness; adds processing 

complexity; can reduce 

conductivity somewhat due to 

added resistances. 

Crosslinked 

networks 

Using dual crosslinking (chemical + 

physical), or higher crosslink density 

to reduce swelling, improve adhesion 

and resistance to washing. E.g., dual 

crosslinked PVA + AgNWs.  

Crosslinking may reduce 

flexibility if too stiff; certain 

chemicals used may impact 

biocompatibility or 

environmental safety. 

Optimized 

substrate choice 

Using substrates that have low water 

absorption, high mechanical strength, 

appropriate knit/woven structure, less 

fiber surface hairiness; stretchable 

fabrics when needed. 

May restrict textile choices; 

trade-off with comfort, 

stretch, appearance. 
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Improved ink or 

filler 

formulations 

Use of hybrid fillers (e.g., combining 

silver nanoparticles or nanowires with 

graphene/CNTs), binder systems 

tuned for adhesion, solvents that 

promote penetration and bonding, 

stabilizers. 

Cost; complexity; some 

materials are more expensive 

(silver, nanowires); uniform 

dispersion is challenging. 

Structural design 

of conductive 

paths 

Design of track width, layout 

geometry, path redundancy, 

zigzag/stretch motifs, fractal patterns, 

embedding conductive yarns in ways 

that accommodate deformation. 

Larger paths take more space; 

may add weight; more 

complex manufacturing. 

Testing and 

standardization 

Developing standardized, realistic 

wash cycles, mechanical cycling, 

abrasion tests; reporting durability 

metrics in comparable ways. 

Requires consensus in the 

field; may slow early 

publication; possibly more 

resource intensive. 

6. Applications 

Conductive textiles have multiple application domains; some examples: 

 Health and medical monitoring: ECG, EMG, respiration sensors embedded in 

garments; electrodes; smart bandages. 

 Wearable sports / fitness: Garments tracking movement, temperature, strain. 

 Smart fashion: Light-emitting fabrics, color change, illumination effects. 

 Human–machine interfaces: Touch sensors, gesture recognition embedded in 

clothing. 

 Protective wear / military applications: Electromagnetic interference shielding; 

heated textiles; communication circuits integrated in uniforms. 

 Environmental sensing: Fabrics that sense moisture, pollutants, etc. 

Recent case: a 3D microfiber-based electrode e-textile system with superhydrophobic coating 

that could monitor ECG/EMG in exercise and even underwater swimming.  
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7. Future Directions 

To move the field forward, research should focus on: 

 Long-term washability under real usage conditions, including industrial laundry 

standards, unknown detergents, variable temperatures. 

 Multifunctional textiles, i.e., those that combine sensing, energy harvesting, actuating, 

self-cleaning, etc. 

 Bio-friendly, sustainable, and recyclable materials — green binders, biodegradable 

substrates, low environmental impact. 

 Improved integration of power and connectors that can survive wash and strain. 

 Smart design of conductive layout (e.g., stretchable traces, redundant paths) to 

tolerate damage. 

 Better standardization in reporting durability metrics, using agreed-upon wash / 

mechanical test standards. 

 Cost reduction and manufacturability — make processes compatible with textile 

industry practices. 

8. Conclusion 

Conductive textiles are a transformative technology, integrating the flexibility, comfort, and 

wearability of fabrics with electronic functionality. In the past few years, significant progress 

has been made in developing conductive materials in improving fabrication and printing 

methods, and in enhancing durability through crosslinked networks, polymer coatings, 

substrate optimization, and hybrid material design. Nevertheless, key challenges remain in 

bringing lab-scale demonstrations into commercial reality. Ensuring that conductive textiles 

maintain performance through many wash cycles, mechanical deformation, environmental 

exposure, while preserving comfort, appearance, and cost acceptable for mass production, 
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remains a non-trivial task. Overall, conductive textiles hold great promise for wearables, 

healthcare, smart fashion, and other domains. With continued interdisciplinary many of the 

current obstacles can be overcome, paving the way for durable, reliable, and affordable 

conductive textiles in everyday life. 
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