
Textiles for Functional 
Applications

Edited by Bipin Kumar

Edited by Bipin Kumar

This book offers a detailed understanding of the principles, procedures, equipment, 
and operation of selected technologies used to manufacture and evaluate intelligent 
multifunctional textiles and apparel goods. Leading experts from different domains 

of polymers, fiber production, nanotechnology, and textile chemical finishing address 
the entire production process by delving into crucial concepts and topics such as the 

development, characterization, and potential applications of functional materials. 
Textiles for Functional Applications is an excellent resource for researchers, designers, 
and academics who want to learn more about designing feasible functional textiles.

Published in London, UK 

©  2021 IntechOpen 
©  Artem Balatskyi / iStock

ISBN 978-1-83968-629-0

Textiles for Functional A
pplications





Textiles for Functional 
Applications

Edited by Bipin Kumar

Published in London, United Kingdom





Supporting open minds since 2005



Textiles for Functional Applications
http://dx.doi.org/10.5772/intechopen.91596
Edited by Bipin Kumar

Assistant to the Editor: Viraj Somkuwar

Contributors
Zeynep Omerogullari Basyigit, Mallika Datta, Devarun Nath, Srijan Das, Mukesh Kumar Singh, Ion 
Razvan Radulescu, Lilioara Surdu, Emilia Visileanu, Cristian Morari, Marian Costea, Thilagavathi 
Govindharajan, Viju Subramoniapllai, Harozila Ramli, Tajul Shuhaizam Said, Ramratan Guru, Anupam 
Kumar, Rohit Kumar, Justine Decaens, Ahmad Ibrahim, Edison Omollo Oduor, Lucy Wanjiru Ciera, Edwin 
Kamalha, Yamini Jhanji, Jamiu Mosebolatan Jabar, Ikra Iftekhar Iftekhar Shuvo, Patricia I. Dolez, 
Dominic Lachapelle, Bipin Kumar, Viraj Somkuwar, Joseph-Émile Laquerre, Patricia Forcier, Vincent 
Deregnaucourt, Olivier Vermeersch

© The Editor(s) and the Author(s) 2021
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2021 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Textiles for Functional Applications
Edited by Bipin Kumar
p. cm.
Print ISBN 978-1-83968-629-0
Online ISBN 978-1-83968-630-6
eBook (PDF) ISBN 978-1-83968-631-3



Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

5,600+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

138,000+
International authors and editors

170M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D

Selection of our books indexed in the Book Citation Index (BKCI)  
in Web of Science Core Collection™





Meet the editor

Dr. Bipin Kumar graduated from the Indian Institute of Tech-
nology (IIT) Delhi, India, with a Ph.D. in Textile Engineering in 
2013. Currently, he is an assistant professor in the Department 
of Textile Technology at IIT Delhi. Prior to joining IIT Delhi, 
he was a research assistant professor (2016–2017) at the Hong 
Kong Polytechnic University. He also served as a cultural ambas-
sador (2014–2016) to the United States at the University of Cal-

ifornia Davis via the prestigious Fulbright Fellowship program. His main research 
focuses on smart fibrous/polymeric materials and related fabric structures. He has 
more than forty publications in leading refereed SCI journals of materials, textiles, 
and medical fields, seven patents, three authored books, and many other academic 
publications. He has been awarded several prestigious awards including the En-
trepreneur Faculty Award (IITDAA, 2020), IEI Young Engineer Award (Institute 
of Engineers, 2019), Teaching Excellence Award (IIT Delhi, 2018), DST INSPIRE 
Faculty Award 2016 (DST, 2016), Award for Excellence in Postdoctoral Research 
(UC Davis, 2016), and many more. He holds editorial membership at several in-
ternational refereed journals including Journal of Engineered Fibers and Fabrics and 
Fabrics, American Association of Textile Chemists and Colorists Journal of Research, 
Fibres & Textiles in Eastern Europe, Advance Research in Textile Engineering, Current 
Trends in Fashion Technology & Textile Engineering and Journal of Textile Engineering 
& Fashion Technology. Dr. Kumar’s research team launched their first commercial 
product, KAWACH Mask, in May 2020 at the time of the COVID-19 emergency. 
He is leading two successful start-ups at IIT Delhi, ETEX and SWATRIC, to com-
mercialize several textile innovations for engineering and medical applications, 
including KAWACH masks, antiviral T-shirts, anti-radiation garments, Indian flags, 
E-textiles, anxiety garments, and more. 



Contents

Preface XI

Section 1
Introduction 1

Chapter 1 3
Introductory Chapter: Functional Textiles
by Bipin Kumar and Viraj Somkuwar

Section 2
Textile Material, Design and Technology 11

Chapter 2 13
Antimicrobial Agents for Textiles: Types, Mechanisms 
and Analysis Standards
by Ahmad Ibrahim, Joseph-Émile Laquerre,  
Patricia Forcier, Vincent Deregnaucourt,  
Justine Decaens and Olivier Vermeersch

Chapter 3 43
Textiles Functionalization - A Review of Materials, Processes, 
and Assessment
by Mukesh Kumar Singh

Chapter 4 75
Applications of Silk in Biomedical and Healthcare Textiles
by Edison Omollo Oduor, Lucy Wanjiru Ciera  
and Edwin Kamalha

Chapter 5 101
Application Technologies for Functional Finishing 
of Textile Materials
by Zeynep Omerogullari Basyigit

Chapter 6 123
Surface Design Technique through Tradition Technique
by Harozila Ramli and Tajul Shuhaizam Said



Contents

Preface XIII

Section 1
Introduction 1

Chapter 1 3
Introductory Chapter: Functional Textiles
by Bipin Kumar and Viraj Somkuwar

Section 2
Textile Material, Design and Technology 11

Chapter 2 13
Antimicrobial Agents for Textiles: Types, Mechanisms 
and Analysis Standards
by Ahmad Ibrahim, Joseph-Émile Laquerre,  
Patricia Forcier, Vincent Deregnaucourt,  
Justine Decaens and Olivier Vermeersch

Chapter 3 43
Textiles Functionalization - A Review of Materials, Processes, 
and Assessment
by Mukesh Kumar Singh

Chapter 4 75
Applications of Silk in Biomedical and Healthcare Textiles
by Edison Omollo Oduor, Lucy Wanjiru Ciera  
and Edwin Kamalha

Chapter 5 101
Application Technologies for Functional Finishing 
of Textile Materials
by Zeynep Omerogullari Basyigit

Chapter 6 123
Surface Design Technique through Tradition Technique
by Harozila Ramli and Tajul Shuhaizam Said



II

Section 3
Testing and Analysis 139

Chapter 7 141
Smart Textiles Testing: A Roadmap to Standardized Test Methods  
for Safety and Quality-Control
by Ikra Iftekhar Shuvo, Justine Decaens, Dominic Lachapelle  
and Patricia I. Dolez

Chapter 8 171
Modeling and Validating Analytic Relations for Electromagnetic  
Shielding Effectiveness of Fabrics with Conductive Yarns
by Ion Razvan Radulescu, Lilioara Surdu, Emilia Visileanu,  
Cristian Morari and Marian Costea

Section 4
Application Areas 193

Chapter 9 195
Face Mask: A Novel Material for Protection against Bacteria/Virus
by Thilagavathi Govindharajan and Viju Subramoniapllai

Chapter 10 209
Antimicrobial Functional Textiles
by Jamiu Mosebolatan Jabar

Chapter 11 219
Functional Textile for Active Wear Clothing
by Ramratan Guru, Anupam Kumar and Rohit Kumar

Chapter 12 237
Textiles for Noise Control
by Mallika Datta, Srijan Das and Devarun Nath

Chapter 13 261
Sportswear: Acumen of Raw Materials, Designing, Innovative  
and Sustainable Concepts
by Yamini Jhanji

Preface

Textiles have been an integral part of human life for centuries. They were initially 
thought to be used for coverage, storage, protection, ropes, fishing, and more. A 
textile material and its structures offer many unique characteristics such as flexibility, 
drape, breathability, and strength, which are otherwise not easily achieved in other 
engineering materials and structures. Further, their surfaces can be functionalized 
to achieve new properties such as super-hydrophobicity, shape memory, phase 
change, anti-microbial characteristics, and so on. Today, their applications have 
widened in multiple areas including medical, civil, defense, energy, transport, and 
protection industries due to the development of smart materials and their fibers, 
processing methods, and innovative technologies. This book emphasizes textile 
science, engineering, technology, and the design processes involved in developing 
textile products for medicine, sports, protection, and filtration. The content of this 
book is divided into four sections. The first and Introduction section is followed by 
the second which discusses the material and technology used for fabricating different 
types of functional textiles. The third section focuses on other characterization 
techniques and analysis of various results published in the scientific literature. The 
final section describes the different application areas where functional textiles have 
been utilized to enhance the efficiency of processes.

Following the Introductory chapter, Chapter 2 discusses the enhancement of 
healthcare textiles using different antimicrobial agents. It examines different types 
of antimicrobial agents such as metallic, non-metallic, and non-leaching agents, 
along with their application methodologies. Chapter 3 provides a critical review 
of different types of intelligent functionality imparted to textiles such as stimuli-
responsive textiles, phase-change material, enzymes used for functionalization, 
and more. Chapter 4 discusses the use of silk in functional textiles, as silk fiber 
shows excellent mechanical properties that are beneficial in functional textiles. 
Chapters 5 and 6 describe the application techniques to transfer various materials 
and treatments over a textile fabric and the compatibility of these materials and 
textiles. Chapters 7 and 8 cover the standard methodology for testing and assessing 
the properties of functional textiles. Due to the COVID-19 pandemic, face masks 
have become an essential healthcare product, thus it is necessary to examine the 
functional aspects of these masks. Chapter 9 critically reviews different face masks, 
their manufacturing techniques, and testing parameters. Chapter 10 discusses the 
application of antimicrobial agents on various textile surfaces, as every type of 
fiber has different compatibility with the various antimicrobial agents. The chapter 
examines the advantages and disadvantages of using different materials as substrates 
for antimicrobial applications. Functional textiles are a significant contribution to 
activewear. As such, Chapter 11 discusses different types of material, fabric, and 
fabric structures used to design activewear clothing. It presents various studies on 
the material used for activewear clothing and the effect of different parameters on 
permeability properties such as water vapor permeability, air permeability, and 
moisture management. Chapter 12 discusses textiles used for noise control and noise 
barriers for acoustic management. It covers the mechanisms and textile materials 
used for sound absorption while Chapter 13 discusses concepts employed in 
sportswear and sports textile industry.

XII
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Chapter 1

Introductory Chapter: Functional 
Textiles
Bipin Kumar and Viraj Somkuwar

1. Introduction

Recent developments in high-performance fibers, fabrics, and manufacturing 
technologies become the main driving force behind the emergence of functional 
textiles. The majority of functional textiles were originally used in defense applica-
tions, but due to their popularity, they are now available to the general population. 
The field of functional clothing is vast and varied, with each function having its 
own set of specifications, material needs, and corresponding technologies and 
methods. Hence, the designing and from the prospect of manufacturing, the 
functional clothing becomes a challenge due to limited set of standards and vary-
ing requirements according to the needs. Functional textiles have a wide range of 
applications, including saving lives, adapting to hostile environments, and improv-
ing performance and quality of life [1, 2].

The recent COVID-19 epidemic had a significant impact on the world, posing 
difficulties to the health care infrastructure, society, culture, and economic system. 
The outbreak has failed all the advance medical treatments, but the crucial role 
was played by the non-pharmaceutical measures in reducing the transmission of 
viruses. The functional and smart textile has played a crucial role in designing 
the personal protective equipment (PPE) and telemedicine for strengthening the 
healthcare system. The breakthrough research in the field of nanomaterial, surface 
treatments, and finishing technology has given an edge to the functional textiles 
to successfully prevent this spread of viruses and disease. The personal protective 
equipment such as masks, surgical gowns, and gloves are the examples of textile 
functional clothing used for COVID19 protection. The fabrics were treated with 
antiviral and antimicrobial treatment to enhance its protection efficiency [3–5]. 
Another major factors that help the people during the lockdown situation are the 
telemedicine technology, which again mainly depends upon the smart and wear-
able textile which contains some electronic sensing functionality. The functional 
clothing used for telemedicine contains, electronic-embedded sensor, or the textile 
material itself converted into the sensor, which monitor the human vital param-
eters, such as heart rate, breathing pattern, blood oxygen level [6].

The focus of this book is to review key materials, manufacturing technologies, 
and the application methodologies for the designing and development of functional 
and technical textiles. This chapter will provide an overview of the principles of 
different types of functional textiles and their applications in various industries.

1.1 Functional textile: definition

All the textile clothing is meant to perform several objectives in our daily 
life from esthetics to provide basic protection from the various external factors. 
“Functional clothing” can therefore be defined as “a generic term that includes all 
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such types of clothing or assemblies that are specifically engineered to deliver a 
pre-defined performance or functionality to the user, over and above its normal 
functions” [7]. This type of clothing can be produced by using high-performance 
fiber, novelty finishes, or intrinsic modification of conventional material. The 
clothing is expected to perform some specific functions, which can be protecting 
the person from a hazardous working environment, facilitating the movement 
during sporting activity, assisting a physically challenged individual or enhancing 
the endurance of a sports person. Functional clothing can be used for protection 
against the life-threatening viruses and diseases in medical treatment. It can also 
have the electronic functionality embedded inside the clothing, which can be used 
for transmitting the signals wirelessly and monitor the human vital to provide 
telemedicine facilities [1].

1.2 Classification of functional textiles

The standard technical textile is categorized according to the application, such 
as Sportech (sports textile), Protech (protective textile), and MedTech (medical 
textile). Designing a product for a specific end user opens up a new classification 
system that includes current technology. The classification for the functional textile 
can be made according to the functionality and requirements. As the material, 
manufacturing technology may be the same or varied for the specific application. 
For example, material selection is based on the user’s physiological and psycho-
logical needs, whereas technology is chosen based on the required functionality, 
ergonomics, comfort, and fit (Table 1).

1.2.1 Protective clothing

It is one of the largest areas of functional clothing. The designing of the fabric 
varies for every function and required special attention. Environmental factors 
such as heat, cold, snow, and wind demand different types of fiber, fabric construc-
tion, and treatment. The challenge in designing the protective clothing is to offer 
maximum protection without affecting the metabolic heat transmission [8]. A fire 
protective clothing assembly schematic is shown in Figure 1, depicting the fabric 
layer arrangement to protect the skin from different hazards and simultaneously 
maintaining the body’s thermal balance [9, 10]. Some primary requirements are 

Class Description

Protective clothing Environmental protection—extreme heat or cold, rain, snow, dust, UV rays
Biological, chemical, and radiation—hazardous chemicals, toxic gases, germs, 
radioactive substances
Injury protection—cut, ballistic, impact protection

Medical functional 
clothing

Surgical protection—viruses, germs, bacterial protection
Therapeutic—pressure management in lymphatic and venous disorder, scar 
management

Wearable clothing Sensing—biological and physiological monitoring, telemedicine
Communication—wireless monitoring, remotely tracking

Sports clothing Training—performance enhancement, fatigue management, body shaping
Activewear—moisture, sweat management, heat stress management

Special needs clothing Clothing for the elderly, pregnant women, infants, and disabled

Table 1. 
Classification of functional textile clothing.
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lighter weight and volume, ergonomic design, and better moisture management. 
The biological, chemical, and radiation protection demands a barrier between the 
source of radiation and the human skin; hence, the clothing should contain a reflec-
tive material or a coating to prevent the penetration of these substances through the 
clothing [11, 12].

1.2.2 Medical functional clothing

Textiles have been utilized for medical treatment from a long time for surgery, 
wound protection, etc. The major function of this clothing is to protect from the 
bacteria, viruses, and body fluid infection. The clothing uses intrinsic antimicrobial 
textile material or substances coated onto the fabric. The fabric used for therapeutic 
treatments uses elastic garment to impart a compression on the infected area. The 
pressure exerted by the compression garments helps in the movement of the blood 
and lymphatic fluid from the affected area to reduce the venous disease. The pres-
sure garments use elastic yarn and fabric construction, such as knitting to develop 
compression garments [13–15]. The functional clothing used for COVID19 protec-
tion uses a nonwoven fabric as a filter medium in the mask and PPE kit. Nonwoven 
fabric’s porosity can be modified to obtain appropriate virus protection, and they 
can be coated with antiviral and antibacterial compounds to improve their protec-
tive performance [3–5].

1.2.3 Wearable clothing

Textile-based monitoring and treatment devices are becoming more preferable 
due to comfortability and portability, and use discretely and carefully among children 
and elderly people. Furthermore, the interactive textiles can be utilized for real-time 
monitoring and ultra-personalization, such as data measurement and storage for 
individual customers to have accurate and precise diagnoses [16–18]. There are several 
textiles-based TENGs applications reported in real-time monitoring, such as heart 
rate detection (ECG), neurobiological rehabilitation, gait recognition, pulse detec-
tion, motion sensors, respiration detection, and thermotherapy [17, 19–21]. E-textiles 

Figure 1. 
Fire-protective functional clothing assembly.
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Figure 3. 
Mechanism of moisture transport through sports clothing.

constitute two domains—textiles and electronics, which vary in type, material, 
and behavior from each other. Textiles are soft, flexible, porous, and susceptible to 
different conditions, while in general, electronics are rigid, precise, and guarded. It is 
always challenging to achieve material-specific properties for the wearable applica-
tion while complying with the contrasting properties of electronics and textiles. 
Triboelectric nanogenerator (TENG) devices constitute one such platform for merg-
ing textile with electronics. The TENGs use the triboelectric effect and electrostatic 
induction to transform mechanical energy into electricity. The self-generation of an 
electrical signal without any power supply and the response to the health stimulus 
creates the TENG as a viable alternative for the wearable monitoring applications. 
The triboelectric effect is well known for almost a thousand years, through which 
material becomes electrically charged due to friction. The contact between two 
materials of opposite polarity creates an electrochemical interaction between the 
surface molecules, which is responsible for the generation of triboelectric charges on 
their surfaces. However, upon the separation, these triboelectric charges become the 
driving force for the electron to flow through the electrode to equalize the potential 
difference created (Figure 2) [20, 22].

1.2.4 Sports functional clothing

The growing popularity of textiles in the sports industry has increased the 
demand for functional clothing, which has become a critical aspect in improving a 

Figure 2. 
Schematic of triboelectric nanogenerator arrangement [22].
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sportsperson’s overall performance. The main characteristics of sports functional 
clothing are moisture management, quick moisture transport, temperature man-
agement, odor control, lightweight, and fit. The textile fiber is specially modified 
to enhance its surface area to facilitate moisture wicking helps in maintaining 
thermal balance during sports activity (Figure 3) [23]. Sports functional clothing 
is also used for enhancing the performance of the sportsperson by the mechanism 
of compression and aerodynamic design [23, 24]. The compression property of the 
garment helps in regulating the blood flow to a specific muscle groups providing 
enhanced energy and oxygen supply, which also helps in faster muscle recovery 
[14]. The aerodynamic design helps to reduce the wind and air resistance by 
systematically controlling the morphology of the fiber, shaping the garment, and 
structural arrangement of the fabric components [16].

2. Market and future scope

The need for functional fibers, processes, and technologies is growing in the 
21st century, and such products are not being only used in apparel or garment, 
but also in other different applications, such as medical, automotive, agriculture, 
sports, geotextile, and others. The recent outbreak of COVID19 has resulted in more 
demand for medical textile products. The acceptance of smart healthcare products in 
daily life will be the next significant technological change going to happen globally. 
Smart Wearable E-Textile Medical Technology is one of the top-trending technology 
topics across the globe. It includes the integration of smart sensor/actuator materials 
in garments for non-invasive health monitoring. Such e-textiles help to detect the 
individual’s vital signs and retransmit them via wireless sensor technology to provide 
continuous feedback on the health status. For the development of any functional or 
smart textile product, it combines knowledge from interdisciplinary backgrounds 
including material science, interfacial physics, biomechanics, textile engineering 
and design, and other engineering stream. Additionally, the need for new technolo-
gies is expected to be developed, which could bring down the manufacturing cost 
and make such products a commercially successful. It has been projected a massive 
growth rate of over 6% CAGR for the technical and functional textiles from 2020 to 
2025, expected to reach over $222.4 billion global markets by 2025.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Types, Mechanisms and Analysis 
Standards
Ahmad Ibrahim, Joseph-Émile Laquerre, Patricia Forcier, 
Vincent Deregnaucourt, Justine Decaens  
and Olivier Vermeersch

Abstract

The large surface area, and ability to retain moisture of textile structures enable 
microorganisms’ growth, which causes a range of undesirable effects, not only 
on the textile itself, but also on the user. Moreover, textiles used in health care 
environments are required to possess antimicrobial property to minimize spread 
of pathogenic infection. Anti-microbial property can be imparted via chemical 
finishing with an antimicrobial agent. Currently the use of antimicrobial agents 
includes metal compounds (notably copper and silver particle), chitosan, haloge-
nated phenols “triclosan”, quaternary ammonium compounds, antibiotics (a class 
of antimicrobials produced from microorganisms that act against one another), and 
N-halamines. The possibility of bacterial resistance limits antibiotic use to specific 
medical applications, and triclosan is known for being dangerous to the environ-
ment and is currently under scrutiny for possible endocrine disrupting to human 
being. Although quaternary ammonium compounds are stable and easily manufac-
tured, microbial resistance is also a concern. Quaternary ammonium compounds 
(QACs), Polyhexamethylene Biguanide (PHMB), chitosan and N-halamines are 
listed under bound or non-leaching type antimicrobials. The bulk of current 
chapter focuses on the different family of antimicrobial agents used for textiles and 
their mechanisms.

Keywords: Finishing textiles, nanoparticles, silver particles, quaternary ammonium, 
antibacterial effect, ecological antibacterial

1. Introduction

Microorganisms play both beneficial and harmful roles in our lives. Some of the 
beneficial roles include production of oxygen via photosynthesis, nitrogen fixation, 
circulation of carbon by decomposition of dead organic matter, formation of crude 
oil, and helping animals such as cows digest their food. They are used by humans in 
making bread, beer, cheese, and antibiotics. Some of the harmful effects are caused 
by the virulence of pathogenic microorganisms, i.e., infection causing bacteria such 
as Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), and Enterococcus faecalis 
(E. faecalis). Health care associated infections can be controlled by inhibiting the 
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various routes of transmission that causes an infection to spread from an infected 
person to healthy person. One of the various routes through which an infection 
can spread is the direct contact with infected individuals; infected water and 
food; contact with inanimate objects such as textiles used in scrubs, doctor’s coats, 
surgical gowns, bed-sheets, pillow covers, and curtains. The control of the spread 
of infections via infected individuals, water and food can be achieved by developing 
hygienic practices.

Textiles have been recognized as a media for the growth of microorganisms 
such as fungi and bacteria. The growth of these microorganisms on textiles inflicts 
unwanted effects not only on the textile material, but also on the consumer. These 
effects can include the generation of unwanted odor, discoloration in the fabric, 
an increased probability of contamination, and an overall reduction in the fabric 
mechanical strength [1, 2]. The spread of infections through textile materials can 
be controlled by the use of antimicrobial textiles that kill pathogens on contact or 
hinder their ability to reproduce prior to being transferred on to another mate-
rial or person. Antimicrobial textiles are made by treating textile substrates with 
antimicrobial agents or by using textile fiber with inherent antimicrobial efficiency. 
Antimicrobial agents are bound to textiles by different methods depending on 
the chemistry between the antimicrobial agent and the textile [3]. Consumers’ 
attitudes toward hygiene and their desire for comfort and well-being have created 
a rapidly increasing market for antibacterial materials. Therefore, there has been 
extensive research in recent years in this area. Estimations have shown that there 
was approximately a production of 30,000 tons of antimicrobial textiles in Western 
Europe and 100,000 tones worldwide in year 2000. It was also estimated that the 
production increased by over 15% annually in Western Europe between 2001 and 
2005, making antimicrobial textiles a rapidly growing sector of the textile market 
[1]. While synthetic fibers have been known to be more resistant to microorganisms 
due to hydrophobicity, natural fibers are more vulnerable to microorganism attack. 
In addition, soil, sweat, and dust can be nutrient sources for microorganisms [2]. 
Socks, active-wear, shoe linings, and lingerie account for approximately 85% of 
the total antimicrobial textile production. In addition, there has recently been a 
large market for antimicrobial fibers in air filters, outdoor textiles, upholstery, and 
medical textiles [1].

Other than the antimicrobial ability, there are certain basic requirements to be 
satisfied by an antimicrobial agent for its successful application on textiles render-
ing them to be used commercially. The basic requirements of a good antimicrobial 
agent for textile substrates are summarized below [3, 4]:

• Should possess affinity for specific fabric and fiber types.

• Be easy to apply on textile substrates.

• Be able to inactivate undesirable microbes while simultaneously not affect 
desired microbes.

• Inert to chemicals to which the textile might be exposed during processing.

• Durable to repeated laundering, dry cleaning, ironing and prolonged storage 
including resistance to detergents used to care for the textiles.

• Stable during usage without degrading into hazardous secondary products.

• Not adversely affect the user or the environment.
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2. Antibacterial family

Many antibacterial product and chemistry are available in the current market 
using different technologies. Most antibacterial agents applied on textiles have 
been used for many years in food preservatives, disinfectants, wound dressings, 
and pool sanitizers. The attachment of these compounds to textile surfaces or their 
binding with the fiber can reduce their activity largely and limits the antibacterial 
agents’ availability. In addition, the antibacterial agent can gradually be lost during 
the washing and use of the textile material. The most widely used antimicrobial 
agents for textile applications are based on metal salts (for e.g., silver), quaternary 
ammonium compounds (QAC), halogenated phenols (for e.g., triclosan), polybigu-
anide (for e.g., PHMB), chitosan, and N-halamines [5]. The aim of this section is to 
present the general family of antibacterial textile finishing.

In general, antibacterial agents can either kill the microorganisms (−cidal) or 
inhibit their growth (−static). Almost all the commercial antimicrobial agents 
used in textiles (silver, polyhexamethylene biguanide (PHMB), quaternary 
ammonium compounds, and triclosan) are biocides. They can damage the cell wall 
or disrupt the cell membrane permeability, and inhibit the activity of enzymes 
or synthesis of lipids, while all these functions are essential for microorganism’s 
survival [3].

The antibacterial material can be separated in two categories: antimicrobials 
with controlled release or ‘leaching’ mechanism and bound or non-leaching type 
antimicrobials. The mechanism of the leaching type will act upon contact of the 
cell. On the other hand, the non-leaching types will diffuse a disruptive chemical to 
the cell. This type is preferred for an environment supporting the diffusion of the 
chemical, such as water.

2.1 Antimicrobials with controlled release or ‘leaching’ mechanism

The antimicrobial agents that belong to this category do not form strong bonds 
with the textile substrate. The chemical species responsible for biocidal activity 
are released slowly from the treated fabric surface, thus killing all the microbes 
surrounding the agent. An advantage of leaching antimicrobials effect are their 
superior antimicrobial activity than compounds based on other modes of action 
on the same fabric under similar environmental conditions [6]. The flip side is that 
the antimicrobial agent in the textile substrate is depleted eventually and loses its 
effectiveness. Metal salts (e.g., silver) and halogenated phenols (e.g., triclosans) are 
examples of antimicrobial agents that utilize the leaching mechanism [7].

2.1.1 Metal and metal salts

The interest of metal and metal oxide particle reside in the high antibacterial 
activity against microorganism, durability and stability, while having a low mam-
malian cell toxicity, meaning they are safe for close to the skin application. Even at 
very low concentrations, many heavy metals are toxic to microorganisms. Metal 
particles are synthesized from different precursor and reducing agent to obtain dif-
ferent end material, morphology or to lower the impact of on cost or environment. 
Plethora of synthesis reaction are available from the scientific literature. However, 
the reaction principle is similar for each technique, using a sol–gel. The precursor is 
usually a water-soluble salt such as silver nitrate, copper chloride, and zinc acetate. 
The metal ion is reacted with a reducing agent, such as conventional reducer like 
sodium borohydride, citric acid, citrate, and ascorbic acid, or with bio-based 
reducer such as glucose, polysaccharide, cellulosic fiber and plant or microorganism 
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extract. The precursor is mixed with a reducing agent under different conditions 
such as heat, mixing, sonication to surpass the activation energy of the reaction. 
Strong reducing agent will require milder reaction condition, while weak reducing 
agent will require stronger reaction condition. During the reaction, the particle 
could be stabilized using a capping agent in order to control the shape, size and sta-
bility of the final product. In some reaction, the reducing agent will also be used as a 
capping agent. While metals such as zinc, cobalt and copper have had some applica-
tions in past years as antibacterial agents for textiles, silver, having an MIC value of 
0.05–0.1 mg/L against E. coli is still the most widely used metal in textile applica-
tions and wound dressings [3, 7–9]. Moreover, this metal is less toxic in the human 
body than other heavy elements with a smaller risk for exposure through inhalation, 
ingestion, or dermatological exposure [10]. It was found that AgNP was much less 
toxic to human cells than silver ion [11]. A concentration of silver ion higher than 
1 μg/ml is toxic to human mesenchymal stem cells while the concentration of AgNP 
can be higher than 2.5 μg/mL. AgNP can destroy bacteria even at a nano-molar level 
while silver ion needs to be at a micro-molar level.

Silver can be applied in other forms: silver ion exchangers, silver salts, and silver 
metals. Silver zirconium phosphate and silver zeolites are examples of ion exchang-
ers. Silver chloride (AgCl), nanosilver chloride, and AgCl microcomposites (AgCl 
nanoparticles attached to titanium dioxide as a carrier material) are types of silver 
salts. Silver metal can be used in the form of filaments and silver metal composites 
[12]. With concerns regarding bacterial resistance to silver [3], there is efforts to 
increase the efficiency of metal-based antimicrobial. Other metal based antimi-
crobial agents found to exhibit good antimicrobial properties are based on copper 
and zinc compounds, in the form of their sulfides and sulfates [13]. Many studies 
on metal salts have focused on preparation of nano sized metal particles, which has 
led to the development of new generation of biocides [5]. Above all, AgNP (Silver 
Nanoparticles), a nanometric form of silver element without an ionic charge, can 
be used as a catalyst, an optical sensor and an antibacterial agent [14–16]. The 
antibacterial activities of the silver ion and salts are well studied, but research about 
antibacterial mechanism of AgNP is relatively recent [14]. Different methods have 
been developed to synthesize and incorporate AgNP in some biomedical applica-
tions, and some reports have proven AgNP to be a potent antibacterial agent, that is 
effective against both Gram-positive and Gram-negative bacteria [17–19].

2.1.1.1 Mechanisms of metal and metal salts antimicrobial action

All silver-based antimicrobials generate and release different amounts of silver 
ions, with silver metals releasing the least, silver ion exchangers releasing the most, 
and silver salts somewhere in between [20]. In the presence of moisture, silver 
releases ions that bind the bacterial cell’s surface with proteins. On binding, the 
following action occurs [21].

• Denaturing effect of the silver causes DNA to get condensed and lose its 
replication abilities.

• Induces inactivation of bacterial proteins by reacting with thiol group [21, 61].

The form of the silver used impacts its antibacterial effectiveness. For example, 
a concentration of AgNO3 should be higher than 1 mM to kill silver resistant E.coli. 
While only 80 nM of AgNP is necessary for the same result [17]. The antibacterial 
efficacy of silver is directly proportional to the amount of bioactive silver ions 
released in the presence of moisture, as well as its ability to penetrate bacterial cell 
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membranes [10]. Silver is effective at low concentrations and promotes wound heal-
ing without appreciable toxic risk. However, there is a small risk of developing aller-
gies to silver [22, 23]. In fact, silver and copper ions can disrupt or kill the microbes 
via different mechanism path. First, the ions can diffuse trough the cell membrane 
and bond to the enzyme of the cell. The enzymatic activity of the cell is decreased, 
which inhibit the growth of the cell until the death of the cell. Second, Silver ion can 
kill microbes by binding to intracellular proteins and inactivating them, can inhibit 
the synthesis of ATP (Adenosine triphosphate) and lead to DNA (Deoxyribonucleic 
acid) denaturation [24]. To observe the killing mechanism of silver ion more 
directly, TEM (Transmission electron microscopy) and X-ray techniques were used 
to facilitate the investigation. When Escherichia coli (E.coli) and Staphylococcus 
aureus (S. aureus) were treated with AgNO3, the cytoplasm membrane detached 
from the cell wall. Subsequently, DNA and protein failed to function and finally the 
cell wall was damaged [21]. Third, the silver cation can damage bacterial cell walls, 
proton leakage and result in cellular structural changes. It can induce proton leakage 
through the membrane of the cell and cell death. The silver cation is highly reactive 
in a concentration between 5 and 40 mg/L [25]. Regarding the AgNP, their exact 
antibacterial mechanism has not been clearly revealed to date [11, 26]. The reduced 
nano-silver did not show antibacterial activity toward E.coli, but when it was mixed 
with partially oxidized nano-silver, the mixture showed significant inhibition to 
the growth of E.coli. Thus, the antibacterial activity of AgNP is a result of surface 
oxidization as AgNP is sensitive to oxygen [17].

Others metals oxides of interest are titanium dioxide (TiO2) and zinc oxide 
(ZnO). The mechanism of those compounds is believed to be mostly from the gen-
eration of reactive oxygen species (ROS). Those compounds prevent the antioxidant 
defense system and damage the cell membrane of the microbe. This mechanism is 
catalyzed by ultraviolet light. It is of particular interest as an adjuvant to the UV dis-
infection, which is of growing usage for disinfection against COVID-19. However, 
this also means the efficiency of those metal oxides is largely influenced by the envi-
ronment in which they are used. The efficiency of the metal oxide could be reduced 
in the presence of antioxidant or pigment, often used in synthetic textile. The 
morphology of the particle will have a great impact on the stability of the product as 
well as the antibacterial activity. In general, the greater surface area will provide a 
greater activity, but decrease the durability for the leaching type.

Currently, silver is used in a large number of antimicrobial commercial textile 
products at a relatively low cost. The silver is in the form of ultra-fine metallic 
particles and is mainly applied to polyesters, in the finishing stage. Ruco-BAC®, 
SilverClear®, UltraFresh®, Silpure®, AlphaSan®, Microfresh®, Solefresh®, 
GuardYarn®, and SmartSilver® are some of the commercially available antibacte-
rial agents applied on textiles [3, 27, 28]. In the case of synthetic fibers, metal and 
metal salts particles can be incorporated into the polymer prior to extrusion (or 
before electrospinning for nanofibers). For example, silver can diffuse into the fiber 
surface and in the presence of moisture it can form silver ions. Gradual release can 
lead to an extended period of antibacterial activity. In addition, silver nanoparticles 
can be padded onto cellulosic and synthetic fabrics, resulting in a durable antibacte-
rial finish [29]. While metals and metal salts has excellent antimicrobial activity, 
leaching from treated textiles into laundering effluent is problematic. Ionic silver 
is highly toxic to aquatic organisms, with the EPA setting water quality criteria at 
1.9 ppb in salt water and 3.4 ppb in fresh [30]. Effluent from both home launder-
ing and industrial application can transfer silver into sewage treatment facilities, 
depleting necessary bacterial communities. Research conducted by Geranio et al. 
found that fabric treated with AgCl released only 2.7 ppb (2.4 ppb for AgCl plus 
a binder) of total silver per gram of textile after the first wash cycle [31]. As the 
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effectiveness of silver depends on the release of silver ions, too few ions result in a 
lack of antimicrobial action, and too many yield an excess leading to pollution and 
waste. Success depends on finding the balance between minimum antimicrobial 
concentration and effectiveness.

2.1.2 Halogenated phenols (Triclosan)

2,4,4′-trichloro-2′-hydroxydiphenyl ether, commonly known as Triclosan is a 
broad-spectrum antibacterial agent, having a Minimum Inhibitory Concentration 
(MIC) of less than 10 ppm against most kinds of bacterial species. Triclosan has 
been used since 1960 in a wide variety of consumer products including toothpastes, 
hand soaps, deodorants, mouthwashes, shower gels, etc. Its mode of action is 
inhibiting bacterial growth by blocking biosynthesis of lipids. As a relatively small 
molecule, triclosan can be used by exhaustion, combined with dyes, or applied 
after dyeing. Through melt-mixing or suspension polymerization, triclosan can be 
incorporated directly into synthetic polymers (Figure 1) [5, 32].

Triclosan inhibits the growth of microbes by using an electrochemical mode of 
action to penetrate and disrupt the cell wall of microbes. When incorporated within 
a polymer, it migrates to the surface and protects the material [3, 33]. When embed-
ded in β-cyclodextrin triclosan forms a complex and can exhibit antimicrobial 
action with minimum quantities [34]. Some researchers claim that triclosan inhibits 
a specific function i.e., lipids synthesis in a bacteria [35]. Others claim that lower 
levels of triclosan resistance by strains of bacteria shows that triclosan inhibits 
bacterial cell function in multiple ways. A decrease in the antimicrobial efficiency 
of triclosan treated material when the material is subjected to repeated home wash 
cycles has been reported by [36]. One of the greatest concerns regarding triclosan is 
that when exposed to sunlight, it breaks down into 2, 8-dichlorodibenzo-p-dioxin, 
a chemical related to other harmful polychlorinated dioxins. Therefore, it has raised 
a lot of concern in European governments, and its application in consumer products 
is banned in some countries [37, 38].

2.2 Bound or non-leaching type antimicrobials

The antimicrobial agents that belong to this category are chemically bound to 
the textile substrate. Hence, the antimicrobial can act only on the microbe that 
are in contact with the treated textile’s surface. By virtue of its binding nature, 
these antimicrobials are not depleted and therefore potentially may have higher 
durability than [39]. However, compounds on a treated fabric might get abraded or 
deactivated with long-term usage and lose their durability [40]. The antimicrobial 
agents listed under this category are Quaternary Ammonium Compounds (QACs), 
Polyhexamethylene Biguanide (PHMB), chitosan and N-halamines.

Figure 1. 
Molecular structure of Triclosan.
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2.2.1 Quaterny ammonium (QAC)

Surface-active agents (surfactants) contain two distinct regions in their mol-
ecules: a long chain hydrophobic hydrocarbon tail and a hydrophilic head. Based 
on the charge of the hydrophilic group, they are classified into cationic, anionic, 
nonionic, and amphoteric compounds. Among the wide range of these surfactants, 
the cationic agents (Quaternary Ammonium Compounds or QACs) are known to 
be the most effective (Figure 2). QACs have significant antimicrobial properties 
and are excellent for deodorization and hard surface cleaning. They are used as 
biocides in a variety of consumer products, including toothpaste, mouthwash, 
shampoo, soap, deodorant, etc. The application of QACs as disinfectants goes back 
to 1936, where Dunn investigated the antibacterial properties of alkyldimethyl-
benzylammonium chloride and found the phenol-coefficients against S. aureus and 
S. Typhosa (Table 1). The most widely used QACs are monoquaternary ammonium 
such as alkyltrimethylammonium bromide, and diquaternary ammonium salts such 
as alkanediyl-α,ω-bis (dimethylalkylammonium bromide). Murugan et al. studied 
the antibacterial behavior of five novel insoluble bead-shaped, polymer-supported 
multi-quaternary ammonium salts containing two to six quaternary ammonium 
groups [41]. The QACs showed excellent antibacterial activity against S.aureus, 
Klebsiella pneumonia and Pseudomonas aeruginosa (P.aeruginosa). Murugan et al. 
also found that the antibacterial activity increased as the number of QACs in the 
structure increased [41]. However, there are also reports of bacterial resistance to 
QACs [42, 43]. Following alkyldimethyl-benzylammonium chloride, other QACs 
such as Cetyldimethyl-benzylammonium halide and N-(acylcolaminoformyl 
methyl)pyridinium chloride were studied and were found to have high phenol-
coefficients. These solutions were known to be both bacteriostatic and bactericidal, 
according to the period of exposure and concentration [44].

The attachment of QACs to a textile material is known to be predominantly by 
ionic interactions between the anionic fiber and the cationic QAC. Therefore, in the 
case of fabrics that contain sulfonate or carboxylic groups, QACs can be attached 
to fibers by using an exhaustion dyeing process [45–47]. In the case of synthetic 
fibers, which contain fewer reactive sites and are quite resistant to antibacterial 
finishing modifications (such as Nylon 66); dye molecules can act as bridges to 
bind the functional molecules to fibers [48]. For example, acid dyes can be used to 
dye the fabric and then QACs can be applied under alkaline conditions. This ionic 
bonding between the QAC and the dye is relatively strong and provides a semi-
durable antibacterial finishing [47, 48]. Hence a dyed fabric can achieve higher add 
on levels of QACs and antimicrobial efficacy as compared with undyed fabrics [48]. 
One commercial QAC- based antibacterial textile is Bioguard®. The active antimi-
crobial agent is 3-trimethoxysilylpropyldimethyloctadecyl ammonium chloride, 
also known as AEM 5700 or Dow Corning 5700 Antimicrobial agent, which has 
an MIC = 10–100 mg/L against Gram-negative and Gram-positive bacteria. This 

Figure 2. 
General molecular structure of Quaterny ammonium (QAC).
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compound is made into aqueous solution and applied by spraying, padding, and 
foam finishing. During drying, silane forms covalent bonds with the textile, result-
ing in excellent durability. This compound has been commercially used on nylon, 
cotton, and polyester. Recently, novel quaternary ammonium functional dyes have 
been applied on textiles in order to combine antimicrobial finishing and dyeing of 
textiles in a single step [49–51].

2.2.1.1 Mechanisms of Quaterny ammonium (QAC) antimicrobial action

QACs are active against a broad range of microorganisms such as fungi, Gram-
positive and Gram-negative bacteria, and some viruses. QACs have a positive charge 
on the N atom and inflict a variety of effects on microorganisms, including the 
disruption of cell membrane, denaturation of proteins, and damage to cell struc-
tures. It has been proposed that during the inactivation of bacteria, the quaternary 
ammonium group remains intact and can retain its antibacterial ability as long as 

Generation Compound example Description

1st Benzalkonium, alkyl chains, 
C12 to C18

2nd Aromatic rings with 
hydrogen and chlorine, 
methyl and ethyl groups

3rd Dual QACs; mixture of alkyl 
dimethyl benzyl ammonium 
chloride (lower toxicity)

4th Dialkylmethyl aminos with 
twin chains

5th Synergistic combinations of 
dual QACs

6th Polymeric QACs

7th Bis-QACs with polymeric 
QACs

Table 1. 
Molecular structures and description of the different generations of quaternary ammonium (QAC).
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the QAC is attached to the fibers [48]. When a microbe approaches a QAC treated 
fabric, the free end of the agent’s molecule reacts with the cell wall and causes a 
leakage of the negatively charged species in the microbe cell. It eventually causes 
the cell’s death [39, 52]. The cationic ammonium group and the negatively charged 
bacteria membrane are attracted to each other. Consequently, the interactions 
result in the formation of a surfactant-microbe complex that interrupts all the 
normal functions of the membrane [53]. QACs affect bacterial DNA, causing a 
loss of multiplication ability [5]. If the long hydrocarbon chain is bonded to the 
cationic ammonium in the structure of the QAC, two types of interactions between 
the agent and the microorganism can occur: a polar interaction with the cationic 
nitrogen of the ammonium group and a non-polar interaction with the hydrophobic 
chain. Penetration of the hydrophobic group into the microorganism consequently 
occurs, enabling the alkylammonium group to physically interrupt all key cell 
functions [5]. The efficiency of the quaternary ammonium depends on the genera-
tion and chain substitution. It is known that the germicidal power increases with an 
increase in carbon chain length, while the surface activity also increases in the same 
way [44]. The QACs with 12–18 carbons have been used extensively as disinfectants. 
The typical dosage is under 1%, and even under 0,1% for some application.

To resume, the quaternary ammonium compounds are membrane active agents, 
their target site is at the inner (cytoplasmic) membrane in the bacteria (or plasma 
membrane in yeasts) [8, 44]. One of the mechanisms proposed for the antimicro-
bial action of QACs is in this sequence:

• Adsorption and penetration of QAC in the microorganism’s cell wall

• Reaction with the lipid or protein cytoplasmic membrane, which will  
disorganize the membrane

• The leakage of low molecular weight intracellular material

• Degradation of nucleic acids and proteins

• Wall lysis which is caused by the autolytic enzymes.

Without detailing the studies carried out on the toxicity of quaternary ammo-
niums, different experiences were carried out on their ocular toxicity [54, 55], 
contact dermatitis [56], their skin sensitizer (human contact allergen) and asthma 
[57, 58]. Quaternary ammonium compounds are known to cause occupational 
asthma. It was found that nurses exposed to a class of QAC and all exhibited early 
or delayed asthma symptoms when handling disinfectant solutions containing 
QAC. The same study was done with products lacking in QAC and the results 
were negative [59]. These results have been confirmed by a multitude of studies 
[57–59]. In parallel, it has been reported that repeated occupational exposure 
after handling QACs as powders or solutions could cause sensitization [60]. In 
conclusion, the studies above all confirm the link between prolonged exposure to 
quaternary ammonium compounds and asthma. However, regarding ocular and 
dermal irritation, it seems that the quaternary ammonium compounds allergenic-
ity is likely to be related to the compound’s solubility. Apparently, no quaternary 
ammonium compounds can be regarded as allergens. In most of the studies that 
classify these compounds as irritants/allergens, the lipid or water-soluble com-
pounds have been studied, while the non-soluble QACs certainly do not have the 
same properties.
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2.2.2 Polyhexamethylene biguanide (PHMB)

PHMB is a hetero disperse mixture of polyhexamethylene biguanide (Figure 3).  
Polyhexamethylene biguanide (PHMB, commercially known as Vantocil) is a 
broad-spectrum antibacterial agent with low toxicity, having an MIC = 0.5–10 ppm. 
It has been previously used as a disinfectant in pool sanitizers, mouthwashes, wound 
dressings, and in the food industry. PHMB can disrupt the integrity of cell mem-
branes [61].

The halide form of PHMB i.e., polyhexamethylene biguanide hydrochloride is 
applied on cellulosic materials [62]. PHMB is found to form hydrogen bonds with 
cellulosic fibers. With the increase in the concentration of PHMB there is a domi-
nant increase in hydrogen bond formation between PHMB and fibers [63]. When 
the fabric treated with PHMB is exposed to a bacterium, the biocide interacts with 
the surface of the bacteria and is transferred to the cytoplasm and cytoplasmic 
phospholipids in the bacterial membrane. This biocide is positively charged, and 
therefore it mainly reacts with negatively charged species and includes aggregation, 
leading to increased fluidity and permeability. This results in the leakage of inner 
material from the outer membrane and eventually causes death of an organism [52].

2.2.3 Regenerable N-halamines and Peroxyacids

N-halamines are heterocyclic compounds containing one or two covalent bonds 
formed between nitrogen and halogen [64]. N-halamines contain one or more 
nitrogen-halogen covalent bonds formed by the chlorination or bromation of imide, 
amide or amine groups. The halogen, which is usually chloride, is replaced with 
hydrogen in presence of water or chloroform and acts as biocide (Figure 4) [65]. By 
using chlorine-containing N-halamine compounds, durable antibacterial finishing 
can be achieved on textiles. N-halamines are broad-spectrum disinfectants, which 
have been used previously for water treatment. Their antibacterial activity is known 
to be due to the oxidative properties of halamine bond (N-Cl). In order to kill the 
bacteria, N-Cl will be transformed to N-H, which can be recharged with chlorine 
(during laundering, by using bleach). The product of the reaction is reversible, 
meaning the N-halamide can be regenerated with the presence of chlorine com-
pound. This function is found in hypochlorite, commonly found in bleach solution. 
The regeneration with bleach can be done during the washing process. This novel 
regenerable method was first proposed by Sun and Xu for the treatment of cotton 
fabric [66]. Since then, many different heterocyclic N-halamines have been applied 
on polyester, nylon, keratinous fibers, and cotton through covalent bonding. In all 
these studies, it was demonstrated that regenerable and durable antibacterial activ-
ity can be achieved by recharging the fabric in aqueous chlorine solutions.

N-halamine compounds, of which N-chloramine is one form, can provide 
instant and complete kill of a broad-spectrum of microorganisms. The antibacterial 
property is based on active chlorine, Cl+. Two mechanisms can be used to explain 

Figure 3. 
Molecular structure of Polyhexamethylene biguanide (PHMB).
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the antibacterial activity of N-chloramine. One mechanism is that free chlorine is 
released into water and then forms HClO or ClO−. The other is that chlorine binds 
directly to acceptor regions in bacteria and greatly influences their enzymatic 
and metabolic processes [64]. It was found that the antibacterial activity mainly 
attributed to the second mechanism because the dissociated chlorine is limited 
[67]. N-halamines possess stability that is suitable for long-term use, storage and 
regeneration. N-chloramine can be achieved by the reaction between sodium hypo-
chlorite solution and imide, amide or amine groups. N-halamines have been used in 
water treatment and incorporated into cellulose-containing fabrics, polyester fibers 
and polyamide [68–70]. Although no research has directly addressed N-halamine 
in wound dressing, it has been grafted onto fibers or fabrics so it may be used in 
wound dressing [69, 70].

Halamine can be applied on different textile including cellulose, polyamide 
and polyester fibers [71–74]. It has also been found to have extraordinarily durable 
biocidal functions in a series of laundering tests [75]. However, N-halamine materi-
als are found to be decomposed upon exposure to ultraviolet irradiation as in direct 
sunlight [76]. The main problem with N-halamines was that they result in a signifi-
cant amount of absorbed chlorine (or maybe other halogens), which can remain on 
the fabric surface, resulting in unpleasant odor and fabric discoloration. The use of 
bleach and the presence of strong oxidizing degrade the dye on the textile, which 
leads to discoloration of the textile. This antimicrobial technology is best used 
on bleach resistant textile. One method known to resolve this problem is using a 
reduction step to remove the residual unbounded halogen from the surface of fabric 
[75–79]. An alternative antibacterial finishing agent is known to be peroxyacids 
(such as peroxy acetic acid, which is extensively used in hospitals.) Peroxyacids 
should convert to carboxylic acid in order to deactivate bacteria, but can be regener-
ated by reacting with an oxidant (such as hydrogen peroxide). Despite the stability 
of the peroxyacids on the fabric during prolonged periods, the antibacterial activity 
reduces largely after a number of washing and recharging cycles [73, 74].

2.2.4 Chitosan

Chitosan is derivatized by the deacetylation of Chitin, the main component of 
shrimp, crab, and lobster shells. Chitin, a poly (β-(1–4)-N-acetyl-D-glucosamine) 
is a natural polysaccharide. Chitin is synthesized by many living organisms. Chitin 
is the second most abundant polysaccharide in nature after cellulose [80]. When 
chitin is acetylated to at least about 50%, then it is called chitosan [28]. Chitosan 
(Figure 5) contains three reactive sites including a primary amine and two pri-
mary or secondary hydroxyl groups per glucosamine unit. As a result, it is readily 

Figure 4. 
Molecular structure of N-halamines.
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subject to chemical modification. The structural characteristics of chitosan mimic 
glycosaminoglycan components of the extracellular matrix, so the biocompatibility, 
biodegradability, antibacterial, hemostatic and antioxidant activities and muco-
adhesive properties impart versatility [81]. Chitosan’s good antibacterial activity 
along with its biodegradability, biocompatibility, and most importantly nontoxicity 
makes it an ideal biocidal agent in food science, pharmaceuticals, medicine, and 
textile applications. Despite all these advantages, chitosan lacks good solubility 
above pH 6.5. Its applications in a commercial context are not as wide as might be 
expected [82]. One of the potential problems with an effective chitosan based anti-
microbial agent is that chitosan is insoluble in water and possesses high molecular 
weight. The high molecular weight increases the viscosity of the medium and causes 
detrimental effect on the hand and feel of the fabric [83]. Chitosan can be used to 
spin antimicrobial fibers or as a finishing agent for surface modification. Therefore, 
researchers are exploring chitosan derivatives that are soluble in water over a wide 
pH range for expanding the chitosan applications.

2.2.4.1 Chitosan derivatives

Given that chitosan does not dissolve in aqueous media at neutral and alkaline 
pH’s and its antimicrobial activity likewise is not particularly good in neutral or 
alkaline solutions, so there is many causes to chemically modify chitosan. These 
modifications were made with the aim of proposing more soluble chitosan deriva-
tives better suited for textiles. Recent researchers reported that chitosan deriva-
tives have better water solubility, antibacterial and antioxidant properties [84]. 
Chitosan can be modified to include quaternary ammonium groups, alkyl and 
aromatic groups, substituents having free amino or hydroxyl groups, carboxy-
alkyl groups and amino acids and peptides [85]. And different applications have 
been found for these chitosan derivatives. Among the derivatives of chitosan we 
cite: Carboxymethyl Chitosan, N,N,N,-trimethyl chitosan (TMC) and Chitosan 
nanoparticles (CSNP).

The modification of the structure of chitosan by the addition of carboxymethyl 
in the structure of chitosan allows the manufacture of carboxymethyl chitosan 
(CMC). Compared to chitosan, CMC is characterized by high solubility at neutral 
and alkaline pHs. This modification does not affect its characteristic properties 
[86]. In addition, CMC has superior antimicrobial activity, biocompatibility 
and safety for humans. Usually, there are O-CMC, N-CMC, N, singlet O and N, 
N-dicarboxymethyl chitosan that have different chemical structures (Figure 6). 
For antimicrobial properties, the antimicrobial activity of different types of CMCs 
against E. coli has been shown to increase by converting NO-CMC < Chitosan 
<O-CMC due to the reduced number of protonated amino groups in NO-CMC 
[86]. And against S. aureus, O-CMC and N-CMC also have improved antimicrobial 
properties [86–88].

Figure 5. 
Molecular structure of chitosan.
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The second chitosan derivative fairly presented in the literature is TMC 
(Figure 7). It is a partially quaternized derivative [89]. It is obtained by nucleo-
philic substitution of the primary amino group in position C-2 by a quaternary 
amino group [89]. This modification facilitates the aqueous solubility of TMS at 
neutral and basic pH due to the presence of a permanent positive charge inde-
pendent of pH (the quaternary amino amino groups) [90, 91]. This high positive 

Figure 6. 
As example, some carboxymethyl derivatives of chitosan [86].

Figure 7. 
Molecular structure of N, N, N-trimethyl chitosan [89].
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charge density is responsible for the high antibacterial performance reported for 
TMC compared to Chitosan [92–94]. It is essential to point out that this modifica-
tion takes place under alkaline conditions using sodium iodide as catalyst and 
N-methyl-2-pyrrolidone as solvent [95]. In addition, it can take place by reaction 
with dimethyl sulfate [96, 97] or dimethylformamide [98].

Among the derivatives of Chitosan, which have a higher antimicrobial activ-
ity than the chitosan solution, there are the chitosan nanoparticles (CSNP). For 
the moment, there is no clear explanation for this high efficiency, but one of the 
hypotheses given is based on the high specific surface area of nanoparticles as 
well as their better affinity for the microbial cell wall [99]. Unlike TMC, CNSPs 
are prepared with simple methods, without organic solvent or high shear force. 
Among these methods there are: emulsion crosslinking, coacervation (precipita-
tion), ionic gelation, spray drying, microemulsion, diffusion of emulsifying 
solvent and polyelectrolyte complex [100]. The degree of deacetylation of chi-
tosan and its molecular weight are factors that affect the formation and size of 
CNSPs [101].

2.2.4.2 Mechanisms of chitosan’s antimicrobial action

Chitin is a film-forming polymer with antibacterial and fungi-static property. 
It triggers the defensive mechanism in host inducing certain enzymes like phy-
toalexins, chitinases, pectinases, glucanases, and lignin in plants [28]. Chitosan 
and its derivatives have been studied as antimicrobial agents against bacteria, 
fungi and viruses, in experiments involving in vivo and in vitro interactions with 
chitosan in different forms (solutions, nanoparticles, films, fibers and composites). 
Chitosan can react in two different mechanisms, killing or inhibiting the growth 
of microorganisms (biocide or Biostatic). However, its action often takes place 
without distinction between activities [102]. The antimicrobial performance of 
Chitosan or one of its derivatives depends largely on its molecular structure and its 
properties such as molecular weight [103], the degree of deacetylation and its water 
solubility [104–108]. In addition, its pH and its concentration in solution affect its 
effectiveness against microorganisms [109]. Chitosan has MIC of 0.05–0.1% (w/v) 
against most common kinds of bacteria. The mode of its antibacterial action is not 
yet fully understood [110–112], but it is possible that the amine groups provide 
positive charges which can react with the negatively charged surface of microbes; 
therefore, they can change the cell permeability, which finally leads to intracellular 
substance leakage [113, 114]. Chitosan acts primarily as a disruptor of the outer 
membrane and not as a penetrating agent. Using transmission electron microscopy, 
impaired membrane function was demonstrated by shrinkage, implying that water 
and ion leakage had occurred. However, other studies have proposed a mechanism 
by encapsulation where chitosan forms a polymeric substance around the bacterial 
cell preventing nutrients from entering the cell and its subsequent death [115]. 
In addition, a third mechanism based on metal chelation, removal of spore ele-
ments and binding to nutrients essential for microbial growth is proposed. This 
mechanism is based on the strong binding capacities known for chitosan to metals. 
This absorption of cations occurs by metal chelation favored by the amino groups 
present in the chitosan molecules [115]. The efficiency of this mechanism depends 
largely on the pH of the medium. A high pH favors this absorption mechanism by 
the fact that the amino groups of the chitosan will not be protonated under these 
conditions. This will allow the pair of electrons on the nitrogen atom to be available 
for donation to metal ions. Some studies have assumed that the metal can behave 
as an electron acceptor which connects via –NH2 functions to one or more chitosan 
chains, forming bridges with hydroxyl groups [116].
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2.2.4.3 Chitosan and chitosan nanoparticles (CSNP) on textiles applications

Even though, chitosan has already been utilized for the treatment of fibrous 
materials, a comprehensive research on their use for antimicrobial functionaliza-
tion of viscose fibers for development of modern medical textiles for applications 
in medical devices is still missing. There is a lack of information regarding the 
behavior of different chitosans in contact with the cellulose materials. In addi-
tion, in-depth knowledge of their physical, chemical, and biological properties is 
missing [117, 118].

For textiles, chitosan and its derivatives could constitute one of the products that 
can be used for the finishing processes [116]. In addition, they could be used for the 
production of raw materials such as chitin and chitosan fibers [116]. The latter are 
widely used, alone or in admixture with other products such as viscose, in the medi-
cal field for the manufacture of non-woven, which can be used for dressings, or as 
a carrier for medicaments in the form of hollow fibers [119, 120]. Microbiological 
tests showed antimicrobial activity, no cytotoxicity was detected for a chitosan-
polypropylene nonwoven [119]. Viscose tampons treated with chitosan were 
utilized for maintaining the physiological pH of vagina and acting as moisturizing 
agent, while simultaneously providing antimycotic and antibacterial activity [121]. 
Textiles treated in such a way were effective against gram-negative and gram-
positive bacteria [122]. Some studies have shown that chitosan-based products 
provide rapid healing and less dense skin lesions compared to standard products 
[122–124]. By way of example, it has been found that the treatment of cotton with a 
carboxymethyl chitosan derivative at a concentration of 0.1% provides antibacterial 
protection against E. coli and S. aureus, as well as an improvement in the wrinkle 
recovery. Alternatively, core-shell particles based on chitosan (shell) and poly 
(n-butyl acrylate) (PBA) (core) have been designed as a novel antibacterial coating 
for textiles [125]. These particles applied to a cotton fabric showed an antibacterial 
performance of over 90% against S. aureus. The application of chitosan on cotton 
takes place without the need for a crosslinking agent. Studies have shown that an 
intermolecular hydrogen bond between the hydroxyl groups of cotton and the 
amino groups of chitosan [125]. Antibacterial efficacy against S. aureus was exam-
ined for chitosan nanoparticles loaded with silver (CSNP) applied to polyester. An 
efficiency of 100% was obtained. This efficacy is attributed to the synergistic effect 
of silver and CSNP [126].

2.2.5 Natural antibacterial

In addition to chitin and chitosan, antibacterial performance has been identified 
for other naturally occurring products such as honey. The latter and because of its 
antibacterial activity allows the treatment of certain burns [127–129]. This anti-
bacterial performance, against certain large bacteria-infecting wounds such as S. 
aureus known for its resistance to methicillin, is attributed to the presence of certain 
molecules such as hydrogen peroxide and bioflavonoids. The latter have the capacity 
to inhibit the synthesis of nucleic acids [130].

At the same time, we must not forget the products of plant origin (Aloe Vera, 
tea tree oil and eucalyptus, extracts of neem, grapefruit seeds and tulsi leaves, etc.) 
which have a high antibacterial performance. This efficiency is attributed to their 
content in certain phenol type products (simple phenols, phenolic acids, quinines, 
flavonoids, flavones, tannins and cumarins), terpenoids, essential oils, alkaloids, 
lectins, polypeptides and polyacetylenes [131]. In addition to their antibacterial 
performance, these components are known for their antioxidant properties. The 
combination of these two functionalities constitutes an important advantage 
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for biomaterials that can be used for medical applications such as dressings. It 
ensures a reduction in the formation of reactive oxygen species, which are strongly 
involved in the pathogenesis of injury. Usually these species cause the formation of 
biomolecules (lipids, proteins and nucleic acids) at the level of injury as well as the 
depletion of mitochondrial DNA in human skin [132]. Among the powerful anti-
oxidants are the flavonoids, which are used as anti-inflammatory, antimicrobial and 
anticancer agents [132]. But, durability and resistance to washing remains the weak 
point for the antimicrobial finish based on natural agents. This weakness results 
from their difficulty in forming bonds with textile materials [133]. Certain methods 
have been developed to increase this durability. Among these methods, mention 
may be made of microencapsulation [133–135], the use of a crosslinking agent [131] 
and the immobilization of bioactive liquids in sol–gel matrices are also described in 
the literature [135]. For example, antimicrobial activity against S. aureus has been 
recorded for cotton fabrics treated with Aloe Vera extract by a dry drying process. 
This effectiveness was sustainable even after 50 wash cycles [136].

3. Standard tests for antimicrobial activity

The antimicrobial efficacy of textiles could be characterized by different meth-
ods of analysis. These methods are standardized and divided into two categories: 
1) qualitative, such as AATCC TM147, AATCC TM30 (American Association of 
Textile Chemists and Colorists Test Method), ISO 20645, ISO 11721 (International 
Organization for Standardization) and SN 195920, SN 195921 (Swiss standard) and 
2) quantitative, such as AATCC TM100, ISO 20743, SN 195924, JIS L 1902 (Japanese 
industry standards) and ASTM E 2149 (or its modification).

Qualitative methods are characterized by their speed and simplicity. They are 
mainly based on the agar diffusion test. As diffusion through agar occurs at differ-
ent rates depending on the textiles and the nature of the antimicrobial agents used, 
this category of methods is not suitable for all types of textiles. Some differences 
could be identified between the different qualitative methods. As an indication, 
we can mention that the textile is laid on an inoculated agar plate for AATCC 
TM147. While it is place between two agars plates, with one side inoculated for ISO 
20645. Usually the qualitative method has an incubation period. After this period 
(24–48 h) depending on the type of microorganisms tested, the plates are examined 
for bacterial growth directly underneath the fabric and around its edges (zone of 
inhibition). The appearance of the zone of inhibition depends on the ability of the 
antimicrobial agent to diffuse into the agar and it is binding to the textiles. The 
appearance of a zone of inhibition and its size are indicative of the rate of release of 
the active agent and its antimicrobial efficacy. It is important to specify that zone 
of inhibition does not necessarily imply that microorganisms have been killed; they 
might have only been prevented from growing. By qualitative methods, the efficacy 
of different agents cannot be compared [137].

On the other hand, quantitative methods can be used for the majority of antimi-
crobial agents and textile supports. However, they require a longer time compared to 
qualitative methods. In addition, they are more expensive because they involve a real 
count of the microbes to measure the antimicrobial effectiveness. This method of 
measurement makes it easier to compare the effectiveness of different antimicrobial 
agents on the same textile support, for example [138–141]. Quantitative methods 
are much more specific depending on the mechanism of action of the antibacterial 
agent. For example, ISO 20645 can be tested with only leaching types because the 
configuration does not allow observation under the textile [141]. AATCC TM100 and 
JIS L 1902 can be tested with leaching and non-leaching type’s antimicrobial. These 
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methods (AATCC TM100, ISO20743 and JIS L 1902) are based on similar principle: 
specified amount (weight, size, and surface area) of sample swatches or substrate are 
inoculated with a specified number of microorganisms [142]. The inoculum is put in 
contact with the treated surface via three different methods: absorption, transfer and 
printing (ISO 20743). The absorption method uses an inoculated broth with a stan-
dardized species and concentration. The broth is absorbed by the textile sample. The 
sample is incubated in different condition depending on the method, to promote the 
bacterial growth. This method allows testing a leaching, non-leaching or a combina-
tion of antibacterial textile as well as bacteriostatic and bactericidal. However, this 
method is not recommended for textile with hydrophobic treatment or low absorp-
tion capacities [143]. While, the transfer method uses an agar plate who is inoculated 
with the tested bacteria. The contaminated plate is put in contact with the textile 
for 60 seconds, and after the sample is incubated. This method is used to replicate 
the contact of the antimicrobial textile with a contaminated surface. Whereas, the 
printing method apply the bacteria via a printer. This method allows faster incuba-
tion time (1 to 4 h, ISO 20743) and faster sample preparation with the automated 
printer (ISO20743). Finally, the dynamic shake flask method (ASTM E 2149 (or its 
modification) is particularly appropriate for non-leaching antimicrobials whilst the 
dynamic contact conditions are applied to the samples [140]. It can be used to assess 
the activity of the antimicrobial textile as a qualitative test. This method has been 
used for testing antimicrobial activity of cotton fabrics (or cellulose fibers) treated 
with the nanoparticles [144, 145], as well as functionalized wool [146], cotton and 
viscose fibers coated with chitosan [147, 148], and some other fabrics.

Once the microorganism and incubation application protocol are applied 
according to the desired method, the microorganism count will take place via two 
different techniques: the plate count method and the luminescence method. The 
count plate method consists of recovering the microorganism from the broth by 
re-plating and the number of surviving organisms. The number of colonies forming 
unit (CFU) is counted and the bacteria concentration is obtained by multiplying 
the dilution rate. The ATP concentration is quantified via a spectrophotometer 
according to the luminescence method. This measurement will be compared with a 
calibration curve prepared according to the ATP standard. The quantification of the 
ATP of the inoculum is carried out before and after exposure to the antimicrobial 
treatment. The number of surviving organisms is counted as CFU and results are 
usually presented as percentages or log10 reduction in contamination relative to the 
initial inoculum of microorganisms or the untreated control.

It should be noted that antimicrobial analysis methods are quite sensitive to 
contaminate. For this reason, tests are usually done under tightly controlled condi-
tions to ensure reproducibility of results. However, carrying out tests in such a 
standardized environment does not reflect the reality of using textiles treated with 
antimicrobial agents [137]. Another factor that affects these tests is the efficiency 
of microbial extractions from the sample tissues. In addition, the absence of an 
absolute standard of effectiveness facilitates changes in the protocols applied creat-
ing inconsistencies between laboratories at national and international levels. Taking 
into account all the factors affecting the effectiveness of antimicrobial tests, certain 
additional methods are applied in complementarity. These methods include colori-
metric analyzes [149], viability test [150], viability staining and microscopy [151], 
and fluorescent staining coupled with flow cytometry [152]. Despite the advance-
ments made to date, the poor reproducibility of test results is the Achilles point of 
these tests. Over time, some attempts to establish a correlation between the differ-
ent analytical techniques have taken place. For example, AATCC TM147 and JIS 
L 1902 were found to give the same result for a textile sample with a non-leaching 
antimicrobial [137]. Nevertheless, the strong differences are always an obstacle.
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4. Conclusion

In conclusion, the microorganism presence on textile can be eliminated or the 
growth can be slowed by treating with a variety of antimicrobial agent. Multiple 
antimicrobial families were presented in this chapter, including synthetic and 
natural chemicals (Table 2). Textiles are susceptible to microorganism growth 
because of the structure and the ability to retain moisture of the textile. Therefore, 
the microorganism growth can generate multiple undesired consequence, such 
as hosting and transmitting harmful microbe, creating odor, mold, degradation, 
discoloration and biofouling for example. Textile can be treated with antimicrobial 
agent to reduce, slow or eliminate the microbial growth and spread. The antimicro-
bial was categorized in two types in this chapter, leaching and non-leaching. The 
non-leaching types are bound to the textile and react with the microbes upon direct 
contact. On the other side, the leaching types release antimicrobial in the environ-
ment at a controlled rate to disrupt the microorganism at proximity of the textile. 
A summary of the common reagents discussed in this chapter is gathered in the 
Table 3.

The antimicrobial efficiency, the durability and skin compatibility of the treated 
textile must be assessing during the development of an antimicrobial treatment to 
minimize the risk. The antimicrobial activity testing can be categorized by quanti-
tative and qualitative method. The qualitative method is useful for routine quality 
control and for the screening of multiples iterations during the development of a 
product, such as determining the wash durability. However, this method can lead to 
subjective determination. Instead, the quantitative method eliminates the possible 
subjectivity with plate count and luminescence technique. In addition, the skin 
should not be harmed be the treated textile. The safety for the skin can be evaluated 
with cytotoxicity test to human cell and irritation test in-vitro and in-vivo. The 
properties of the antimicrobial should be assessed before commercialization of an 
antimicrobial treated product.

Mechanism Reagent Fiber Remarks

Leaching Metals
(silver)

Nylon, Wool, Polyester and
Regenerated- cellulose

Slow release, durable, 
depletion of Ag might occur

Triclosan Polyester, Nylon, Acrylic, 
Polypropylene and 
Cellulose- acetate

Breaks down into toxic 
dioxine, large amount needed,
bacterial resistance, banned 
in some European countries

Non-
Leaching

QACs Cotton, wool, Nylon, Polyester 
and Acrylic

Very durable, covalent 
bonding, possible bacterial
resistance

PHMB Nylon, Polyester and Cotton Large amount needed, 
bacterial resistance

N-halamine Wool, Nylon, Cotton and 
Polyester

Requires regeneration, 
unpleasant odor from  
residual Cl

Peroxyacids Cotton and Polyester Poor durability, requires 
regeneration

Chitosan Wool, Polyester and Cotton Low durability, adverse effect 
on fabric handle

Table 2. 
Conventional reagents used in the antimicrobial finishing of textiles.
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Test Method Title Principle Antimicrobial 
type

Uses

ASTM 
E2149

20 Standard Test 
Method for 
Determining the 
Antimicrobial 
Activity of 
Antimicrobial 
Agents Under 
Dynamic Contact 
Conditions

Dynamic 
shake flask 
test

Non-leaching 
type

Qualitative: 
Screening, 
routine 
quality-control

AATCC 
147

Parallel 
Streak

Antibacterial 
Activity of Textile 
Materials: Parallel 
Streak

Zone 
diffusion 
assay: Agar

Leaching-types Qualitative: 
Screening, 
routine 
quality-control

AATCC
100

— Test Method for 
Antibacterial 
Finishes on 
Textile Materials: 
Assessment of

Cell 
suspension 
intimate
contact test

Leaching and 
non-leaching

Quantitative

XP G 
39–010

— Propriétés des étoffes 
- Étoffes et surfaces 
polymériques 
à propriétés 
antibactériennes - 
Caractérisation et 
mesure de
l’activité 
antibactérienne

Cell 
suspension 
intimate
contact test

Leaching and 
non-leaching

Quantitative

JIS L 
1902

Absorption 
method

Testing Method 
for Antibacterial 
Activity of Textiles
Quantitative Test

Cell 
suspension 
intimate
contact test

Leaching and 
non-leaching

Quantitative

JIS L 
1902

Transfer 
method

Testing Method 
for Antibacterial 
Activity of Textiles
Quantitative Test

Transferred 
Agar plate 
contact test

Leaching-types Quantitative

JIS L 
1902

Printing 
method

Testing Method 
for Antibacterial 
Activity of Textiles
Qualitative Test

‘Dry’ 
inoculum 
intimate
contact test

Non-leaching Quantitative

JIS L 
1902

Halo 
Method

Testing Method 
for Antibacterial 
Activity of Textiles
Qualitative Test

Zone 
diffusion 
assay: Agar

Leaching-types Qualitative: 
Screening, 
routine 
quality-control

ISO 
20645

Agar 
diffusion 
plate test

Textile fabrics — 
Determination of 
antibacterial  
activity — Agar 
diffusion plate test

Zone 
diffusion 
assay: Agar

Leaching-types 
only

Qualitative: 
Screening, 
routine 
quality-control

ISO 
20743

Absorption 
Method

Textiles - 
Determination of 
antibacterial activity 
of antibacterial
finished products: 
Absorption Method

Cell 
suspension 
intimate
contact test

Leaching and 
non-leaching

Quantitative
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Antimicrobial resistance should also be a concern when developing an antimi-
crobial treatment for a textile because of the large quantity of antimicrobial agent 
required achieving the antimicrobial activity and durability. The risk/reward should 
always be considered before applying antimicrobial product to a textile. The risk of 
antimicrobial resistance can be minimized. First off, the antimicrobial should not 
come close to the minimal inhibitory concentration (MIC) of the treatment dur-
ing the useful life of the product to guarantee an effective product. The MIC of the 
antimicrobial product can be reached because of poor wash durability of the anti-
microbial product. Second of, the synergy, mechanism of different antimicrobial 
product can be combined to reduce the resistance of a gene to a pathway. A complex 
antimicrobial mechanism is believed to be more efficient and more complex for the 
microbe to develop a set of successful mutated gene against the antimicrobials [153].
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Test Method Title Principle Antimicrobial 
type

Uses

ISO 
20743

Transfer 
Method

Textiles - 
Determination of 
antibacterial activity 
of antibacterial
finished products: 
Transfer Method

Cell 
suspension 
intimate
contact test

Leaching-types Quantitative

ISO 
20743

Printing 
Method

Textiles - 
Determination of 
antibacterial activity 
of antibacterial
finished products: 
Printing method

‘Dry’ 
inoculum 
intimate
contact test

Non-leaching Quantitative

Table 3. 
Comparison of antimicrobial test method for textile.
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Chapter 3

Textiles Functionalization - A 
Review of Materials, Processes, 
and Assessment
Mukesh Kumar Singh

Abstract

Conventionally, textiles are known to cover up the human skin, but by scientific 
administration, clothing can be extended to serve other human skins’ functions. 
Accepting the chemical and dermatological complexity of human skin, the effect 
of humidity, microbes, pH, temperature, and wind can be engineered by wrapping 
it by functional clothing. In this regard, the latest class of textile material has been 
added called functional textiles. Such clothing materials consist of the potential of 
delivering more than one functionality apart from its primary function to cover-
ups the human body. This present chapter offers state-of-the-art viewpoints on 
the application of functional textiles, including assorted concerns. First, the skin 
responds to various environmental stimuli and then overviews various techniques 
to incorporate functionalities in textiles. Finally, the applications and future scope 
and possibilities of research in this field are included in this chapter. Miniaturisation 
to small micro to nanometre scale is registered as one of the most exciting meadows 
in engineering and science over the past few decades. This drift also grasps colos-
sal potential to functionalise the textiles. Various techniques are available now to 
develop a thin uniform film of functional materials on clothing surface to offer 
extra functionalities hitherto unrevealed to textile processors. These technolo-
gies are based on layer-by-layer assembling, immobilisation of enzymes on textile 
surfaces, nanocoating of textile substances, plasma for nanoscale modifications, 
and loading of various functional biomaterials micro and nanoencapsulation by 
minimum influence on breathability, feel, handle, and strength. The manufactur-
ing of functional textiles can be classified into two groups. One is to functionalise 
the fibre by adding dope additives, modifying the fibre forming polymer, and then 
converting it to clothing. The fibre surface is also functionalised by adding some 
resins on the fibre surface. The other is to modify the textile surfaces by functional 
biomaterials, resins, finishes.

Keywords: cosmetic textiles, skin care, skin moisturising, active textiles, 
microencapsulation, natural dyes, smart textile, enzyme immobilisation,  
wellness textiles

1. Introduction

The functionalisation of different surfaces is of curiosity since the chronicle 
emergence of various technologies in the antiquity. Different surface coatings 
and painting materials and techniques were developed to alter the aesthetic 
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appearance, functional potential, and protection against the environment like 
resistance against oxidants [1, 2].

Initially, durability was prime criteria for selecting any fabric by the customer 
in the ancient era, and then aesthetic values and comfort index were primary 
attributes to decide the fabric choice. Now, customer’s approach about clothing and 
textiles is shifting to search some additional functionality apart from traditional 
attributes in textiles. The functionality may come from protective clothing, cosme-
totextiles, and temperature regulating textiles, industrial textiles, sports textiles, 
and automotive textiles. All the above textile materials must keep at least any one 
specific functionality to register as functional textiles.

The functional textiles market is growing with an excellent growth rate of 
33.58% between 2015 to 2020. The global functional textile market was reached 4.72 
billion US$ by 2020. India is a prime manufacturer in apparel and textile manufac-
turing and fourth-largest exporter in the international sector.

The functional textile sector has encountered a compound annual growth rate 
(CAGR) of 30% from 2015 to 2020 due to strong automotive, fitness, fashion, 
healthcare, military, and sports textiles.

The physical finishing process includes three methods: impregnation, padding, 
and coating, and its main drawback are that the bonding force is weak between the 
finishing agent and textiles. However, its strength is more durable, and functionality 
can be maintained for a long time. The chemical finishing method involves grafting 
a functional monomer onto a polymer substrate, to obtain a new functional textile. 
The advantage is that its functionality can be maintained for a long time. Biological, 
ecological finishing is a finishing method which has emerged in recent years, and it 
adopts biological enzymes with biological activity in the finishing of textiles.

Smart textiles do not necessarily imply a less sustainable option to ordinary 
textiles if they offer better user value, user attachment and longevity. This chapter 
discusses the difference between ordinary sustainable methods based on saving 
energy and resources and methods that tackle excessive consumption, such as user 
involved design to enhance product durability. It discusses the theoretical model of 
user involved design through a practical example of developing a smart, lightweight 
tracking tent and concludes with a set of general guidelines for developing sustain-
able smart- textile products.

The functional textiles can be defined as textiles consist of additional functions 
of adjusting and regulating various attributes like temperature, humidity, colour 
and controlled release of some additives from fibres. The most popular fibres used 
to manufacture various types of functional textiles are polyester and viscose. Other 
fibres are also used to manufacture functional textiles as the need for some specific 
functions. The significant demand for functional textiles arises from active and 
high-performance wear sectors.

Some leading manufacturer of functional textiles at the international horizon 
are Dyntex GmbH, Eclat Textile Corporation Ltd., Harvest SPF Textile Company 
Ltd., Kelheim Fibres GmbH, Sofileta, Trevira GmbH, Toung Loong Textile MFG.

2. Classification of functional textiles

Various authors and researchers have tried to classify the functional textiles on 
their own time, but it is not easy to propose an ideal classification [3].

Functional textiles have become instrumental for the advancement of the 
conventional technical textiles segment, representing a sector where traditional 
clothing crosses the usual frontiers and connects with the spheres of biotechnol-
ogy, cosmetic science, computing potentials, flexible electronics, medicine, and 
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nanotechnology among some more, to achieve the multidimensional and complex 
demands of the customers. By definition, Functional textiles are user-governed 
specified and customised or engineered products manufactured to fulfil the 
customer’s performance needs under extreme conditions.

Gupta [3] classified the functional textiles logically in six categories. Now includ-
ing three more, present classifications consist of nine different functional classes, as 
shown in Figure 1. It is essential to clarify that some more classes will introduce func-
tional textiles classification as per the demand and availability of various functional 
textiles shortly. There is a slight difference between functional and technical textiles. 
All functional textiles may belong to technical textiles, but all technical textiles may 
not be functional. For example, protective functional textiles may belong to protec-
tive surgical masks for doctors, healthcare workers, and sports armour.

3. Functional textile market

The aerothermal concept has been adopted in functional textiles to control the 
heat containing airflow through fabrics. These functional textiles are manufactured 
and marketed by Adidas, and Peak Performance of the IC group. The Schoeller 
Technologies AG developed far infrared-based functional textiles’ Energear’ to 
collect the energy employed by the human body. Remarkable developments and 
innovations polymer and fibre science, coating and finishing technologies are 
the major driving forces for the growth of functional textiles. The initial demand 
for functional textiles was originated from various sports wear used in cycling, 
ski sports, swimming. The latest development in functional textiles turned the 
customer highly demanding for functional textiles. The higher cost of functional 
textiles stamped it textiles of premium class. Thus, the challenge of cost reduction 
in functional textiles manufacturing chain is the need for the present era to make 
it available for the common man and accelerate functional textiles’ global market. 
Geographically, the functional textiles market is divided into five regions the Asia 
Pacific, Middle East and Africa, European Union, Latin America, United States of 
America. European Union secured the first position in manufacturing Functional 
Textiles mainly in Germany, France, Italy, and the United Kingdom. The USA also 
has a healthy manufacturing and market for functional textiles.

The Asia Pacific and Middle East Africa have the immense opportunity to grow 
the functional textile market. Japan, Malaysia, South Korea, Turkey, and Taiwan are 
predicted to be a promising market for functional textiles. The maximum number 
of functional textiles is manufactured by the application of various finishing agents 

Figure 1. 
Various stimuli and their corresponding functionalities for textiles.
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on textiles. Thus, the international market for finishing agents is expected to grow 
to 4.52 billion US$ by 2025. The protective textile segment, including health care 
and protection, is an up-and-coming field of functional textile is anticipated to 
manoeuvre the market rise in the next years. Enhancing buying potential and 
expendable income in emerging countries like Brazil, China, India, Russia, Taiwan, 
and Indonesia is another driving force of the growth of the functional textile mar-
ket. However, the strict regulatory norms to restrict harmful and toxic chemicals 
will remain the requisite provocation for functional textile manufactures.

Functional textile finishing agents are dominated by various repellant and 
release agents in recent years and expected to grow with CAGR of 4.8% till 2028. 
The application of flame retardant chemicals was 22% of global textile finishing 
chemicals in the year 2020.

The major functional finishing agent manufacturers are Archroma, BASF SE, 
Covestro, CHT Group, Evonik Industries, Huntsman Corporation, Sumitomo 
Chemicals, Dow Chemical Company, HT Fine Chemical, FCL, KAPP-CHEMIE, 
NICCA CHEMICAL CO., Ltd., OMNOVA Solutions, Tanatex Chemicals B.V., 
Wacker Chemie AG, Zydex Industries, Sarex and others.

4. Functionality in textiles

4.1 Functionality by micro and nano encapsulation

A technique in which an active substance is stored in tiny space covered or 
coated with a thin polymeric material to protect the core material along with 
controlled release, is called microencapsulation.

Particles obtained by this process are called microparticles, microcapsules and 
microspheres according to their morphologies and internal structure. For particles 
with a size range below one μm, the terms ‘nanoparticles’, ‘nanocapsules’ and 
‘nanospheres’ are used, respectively. Furthermore, particles larger than 1000 μm 
are designed as microcapsules. The nomenclature used to define different parts of 
the encapsulated product includes terms for the shell, ie, ‘wall’, ‘coating’, ‘membrane 
material’; and for the core material, ie, ‘active agent’, ‘payload’, ‘internal phase’, 
respectively. Different kinds of compounds such as dye, protein, fragrance, mono-
mers, the catalyst can be encapsulated with various shell wall materials like natural 
polymer (gelatine, cellulose, chitosan, etc.), artificial polymers (cellulosic deriva-
tives, etc.) and synthetic polymers (polyamide, polyester, etc.), with a loading 
content between 5% and 90% of the microparticles in weight (Figure 2).

Figure 2. 
Functionality by microencapsulation.
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Micro and Nanoencapsulation is a technique in which a thin wall surrounds 
a tiny amount of active ingredient or droplets. The capsule wall’s active material 
is called core material while the coating material is known as shell or membrane. 
Microcapsules have a diameter of few microns whereas nanocapsules have diam-
eters of some hundreds of nanometres. Micro and nanoencapsulation is an up-and-
coming technology to functionalise the textiles by potential core material for desires 
functionality. Micro and nanoencapsulation have permitted biocides, insecticides, 
essential oils, moisturisers, energisers, moisturisers, therapeutic oils, and vitamin 
E to be uploaded into fabrics. Some other applications are agrotextiles, cosmetics, 
industrial textiles, food additives, essences, herbicides, nutraceuticals, and sealants. 
The microencapsulation by interfacial polymerisation is given in Table 1.

4.2 Chemical grafting

The traditional binder application binds some functional compound on textile 
surfaces and creates a three-dimensional network and starts hindering the release 
of functional ingredient from the surface. The absence of strong chemical linkage 
between the capsule sheath and substrate surface exhibits inferior wash fastness 
and low air and moisture transmission. During pad-dry-cure, some of the capsules 
get burst due to the presence of applied pressure on substrate. Microcapsules are 
covalently connected onto textile surfaces by opting multifunctional crosslinking 
(coupling) reagents to enhance the fastness against wash and wear.

Microcapsules with ethylcellulose sheath are grafted on cotton fabric surface 
using 1,2,3,4-butane tetracarboxylic acid as crosslinking agents that react with a 
hydroxyl group cellulose to configure ester bonds [12].

Dimethyloldihydroxyethylene urea was opted as a coupling agent between 
chitosan and cellulose to form a covalent bond to enhance washing fastness [13].

Citric acid was another choice to crosslink chitosan microcapsules on cellulosic 
surfaces [9, 14].

Sheath polymer Core active 
material

Function Reference

Poly (urea urethane) PUU Sensitive dye To get colour as a 
function of time

[4]

Poly (urea urethane) PUU Cooling agent To get cool feel during 
wearing

Salaün et al. [5]

Poly (urea urethane) PUU Fragrances To get controlled 
fragrance release

Teixeira et al. [6]

Poly urethane/ polyurea Antimicrobial To get bacterial 
protection

Polyurea Flame retardant To get improved flame 
protection

[7], and Vroman 
et al. [8]

Polyurethane/chotopsan Thermochromic Colour change as a 
function of temperature

Fan et al. [9]

Cellulose derivative/PU Phase change 
materials

To control environmental 
temperature flactuation

Salaün et al. [10]

Polyurethane Cosmetic Ingradient To get skin care 
functionality

Azizi and Chevalier 
[11]

Table 1. 
Microencapsulation by interfacial polymerisation.
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Grafting strategies from the particle surface modification can be performed by 
introducing reactive chemical groups like α-Bromo-acrylic acid, adipic acid, 2,4,6-tri-
chlorotriazine and dichloroquinoxaline, to react with the microcapsule sheath materi-
als to offer further grafting possibilities onto natural, manmade fibres. Polyamide 
capsules and silica microspheres with 2,4,6-triochlorotriazine were functionalised to 
be deposited on cotton fibre surface [15].

Microcapsules were dispersed in water and glycidyl methacrylate monomer, and 
potassium persulfate was added to initiate an outer shell of poly(glycidyl methac-
rylate). The microcapsules were then applied by exhaustion in alkali medium to 
jersey cotton knitwear with a liquor ratio of 1:10 at 75 °C for 30 min. After rinsing, 
the sample was dried at 120 °C. The functional groups of the poly(glycidyl meth-
acrylate) on the outer surface of the microcapsules are directly reacted with the 
functional groups of the fibres, which also conveyed durability of the PCM micro-
capsule-incorporated fabric even when subjected to physical processes involving 
frictional forces, or chemical processes such as domestic and industrial washing, or 
dry cleaning [16]. Gouveia used a sonication method to produce and simultaneously 
bind the microspheres onto textile materials [17].

Polyamide microcapsules are directly synthesised on cellulosic surfaces with 
80% high encapsulation [18].

4.3 Functionality by layer by layer (LbL) deposition

Some studies were planned to modify the textile surfaces through layer by layer 
deposition to get nanocomposite textile fibre and protective clothing. Various 
functional molecules like enzymes, dyes and charged nanoparticles are deposited 
on textile surfaces in a controlled manner. Various finishing processes are based on 
Ag, TiO2, Zn nanoparticles to functionalised various textile surfaces [19]. Layer by 
layer deposition technique is a distinctive technique invented to develop ultrathin 
composite films on the surface of solid materials. A series of layer-by-layer deposi-
tion of polyanions and polycations on oppositely charged surfaces occurs in this 
method [20].

This process involves the charging of substrate sufficiently, followed by dipping 
in a conversely charged polyelectrolyte. The process begins by charging a substrate 
appropriately, followed by immersion in an oppositely charged polyelectrolyte solu-
tion and rinsing. Strong electrostatic bonds between charged surface and polyelec-
trolyte become the main instrumental in getting it to bind. The process begins with 
rinsing followed by monolayer coating of polyelectrolyte which gets bind by electro-
static bonds and process may repeat to be deposited 20 ultrathin layers [21–23].

Unlike pad-dry-cure, radiation, and thermal deposition methods, different 
finishing techniques are used to deposit various nanoparticles on textile substrates. 
The chemical coating on textile surfaces has some limitations due to higher thick-
ness, which suppresses textiles’ breathability. The LbL technology offers moderate 
chemical deposited surfaces to keep transmission, thickness and stability up to the 
desired extent. Various textile surfaces are modified by LbL technique.

Cotton, Kevlar, Nylon, Nomex, Silk and Wool fabrics were opted to function-
alised for different applications by platinum atomic layer deposition. The platinum 
layer by layer deposition on textile surfaces was targeted to fabricate resistive 
heating devices with high stability and long life. The platinum deposition was found 
uniform layer by layer except for nylon fabric surface. [(1,2,5,6-η)-1,5-Hexadiene]-
dimethyl-platinum(II) (HDMP; Tanaka Kikinzoku Kogyo K.K., Japan) and O2 gas 
were used as a Pt precursor and counter-reactant, respectively. The substrate tem-
perature was maintained at 145 °C during the ALD process. Field emission scanning 
electron microscope integrated with energy dispersive spectroscopy (EDS) was 
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used for quantitative and elemental deposition conformation on textile surfaces. 
The atomic-scale crystalline and chemical structures of treated fabric specimen 
were analysed opting transmission electron microscopy (TEM) and electron energy 
loss spectroscopy (EELS), respectively [24].

Lee et al. [25] developed a pressure sensor atomic layer deposition on the cotton 
surface by depositing [(1,2,5,6-η)-1,5-hexadiene]-dimethyl-platinum(II) (HDMP) 
and O2 as the Pt precursor and counter reactant. The research group developed a 
useful atomic layer deposition technique. The deposition process may repeatedly 
apply up to 10,000 times. This technique helps produce various E-textiles by com-
bining and connecting the number of sensors in a textile item that may be proved as 
propitious applicants for a range of smart and wearable electronics.

Stawski et al. [26–28] deposited oppositely charged polyelectrolytes; 
poly(acrylic acid) and poly(allylamine hydrochloride) layer-by-layer on a polypro-
pylene knitted fabric, which had areal density 80 g/m2, diameter per filament 14.9, 
18 courses per centimetre, 14 wales per centimetre, 56 dtex multifilament yarn.

The polypropylene (PP) fabric was activated as per the protocol opted by 
Połowiński [29] and [30–32] by heat-treating the fabric samples in an aqueous 
solution (20 g/L) of ammonium persulfate for 30 minute at 80 °C, and saturated 
with nitrogen), rinsing thoroughly with distilled water, and grafting with concen-
trated acrylic acid (52 g/L) for 60 minutes at 80 °C, saturated with nitrogen. After 
completing the grafting process, the PP fabric samples were dipped in an aqueous 
polyelectrolyte solution (10–2 mol/L). This process may repeat many times as per 
the need of desired end applications. Before initiating a new layer, deposition fabric 
specimens were rinsed with distilled water. In this way number of polyelectrolyte 
layers was coated on PP fabric surface [28, 29]. The PP samples functionalised by 
LbL technique were found to significantly reduced the static charge half-disap-
pearing time, from 46 to 5.7 minutes. The degradation temperature shifted from 
330 to 420 °C. The capillary rise has increased from 50 to 400 mm in the case of 
surface-modified knitted fabric samples. SEM and wide-angle X-ray diffraction was 
used to confirm the layer by layer deposition on PP fibre surface. It was found that 
the layer-by-layer deposition of polyelectrolyte considerably modifies dyeability, 
electrostatic shielding potential, and hydrophilicity of PP fabric samples.

Figure 3. 
Concept of layer by layer (LbL) Technology for Functional Textiles.
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Highly durable hydrophobic polyester fabric surfaces were created by LbL 
nanoparticle coating on the fabric surface. Electrophoretic deposition (EPD) 
technique was used to modify the fabric surface with deposition of silica 
nanoparticles. The deposition of silica nanoparticles remains challenging on 
non-conductive surfaces like polyester due to undue cracks and poor adhesion. 
Thus electrostatic self-assembly layer-by-layer technique was opted to overcome 
these issues as shown in Figure 3. The polyester fabric modified by LbL silica 
NPs deposition offers a very high contact angle in static condition along with low 
contact angle hysteresis. The superhydrophobicity was remained intact ever after 
500 h skin fiction [33]. This method provides fast and customisable deposition 
of superhydrophobic surface coatings. The coating thickness can be controlled 
by the electric field intensity and deposition time. Furthermore, the modified 
surface’s morphology can be altered by changing the suspension stability during 
EPD [34]. Three significant routes achieve sustainable surface functionalisation; 
by alternating a charged substrate’s immersion in aqueous solutions containing 
interacting charged particles, chemical vapour deposition, and spraying the 
interactive solutions on charges surfaces.

4.4 Functionalisation by fabric engineering

Fabric Comfort, good low-stress mechanical properties, pleasant aesthetic 
appeal, elasticity and recovery, favourable formability, desired crease-resistance 
are some attributes can be achieved by fabric engineering. These attributes are 
required for various applications like formal wear, party wear, ladies wear and 
sportswear.

The PBT (polybutylene terephthalate), yarns have good elastic potential with 
high recovery after heat treatment, have been adopted to manufacture highly 
elastic cotton-like fabric. The effect of PBT elastic yarn, weave and fabric structure 
was observed on physical, elastic, UPF, comfort) properties of the fabric. PBT 
yarns have found it appropriate to introduce elasticity in selected areas of the 
fabrics. The fabric had quick-drying, easier folding and storage and perfect fit to 
all dimensions [35].

3D printing is another way to introduce various functionalities in a different 
range of textiles. 3D printing has opted in case of defence, protective, sports, flex-
ible electronics and safety clothing.

3D printing is used to customise the product for specific applications. Various 
types of additives can be loaded on fabric surfaces as a part of printing inks or 
pastes. A variety of hard and soft flexible materials can be printed directly on the 
textile surfaces. A combination of additives can also incorporate some functionality 
on a common textile substrate by 3D printing. The effect of family of twill weave 
and different weft densities on adhesion potential of printed objects on polyester/
cotton fabric surfaces was studied. A range of 3D objects was printed with polylac-
tic acid (PLA) filament on textile surfaces. T - Peel adhesion test was conducted by 
Instron dynamometer. It was found that the 1/3 broken twill fabric has the maxi-
mum impact on the adhesion perspective [36].

The worldwide health consciousness has enhanced natural dyes’ use to avoid 
the threat of allergy, mutagenicity, and carcinogenicity. Cotton fabric was dyed 
with an extract of fourty different plants with zero mordant. Some plants were 
able to record great wash and lightfastness like pomegranate peel and turmeric 
for yellow, madder and quince for yellow, indigo for blue, myrobalan for green, 
white onion peel and catechu for brown colour. White onion peel or turmeric dyed 
cotton fabrics have registered significant improvement in ultraviolet protection 
functionality [37].
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4.5 Functional textiles by enzyme immobilisation

Enzyme driven textile functionalisation has attracted the attention of textile 
manufacturers worldwide. Nonpolluting, non-toxic, and biodegradable nature 
of enzymes make it appropriate for the green processing of textiles. The enzyme 
production can be enhanced commercially anytime as per the need in industry. 
Enzymatic bleaching, scouring, bio-washing, and bio-polishing cotton fabric have 
become quite popular in the textile industry. Recently cotton fabrics are modi-
fied through transesterification by Proteinase subtilisin enzymes. Woollen fabrics 
are made shrink-proof by transesterification by the use of proteinase subtilisin 
enzymes. The Laccase enzyme is used to functionalised the wool in multiple order 
with antibacterial, antioxidant and water repellant for grafting alkyl galettes. The 
hydrophilicity and antistatic charge potential are introduced in polyester fabrics by 
treating it with cutinases and esterases enzymes. The nylon and acrylic fabrics are 
functionalised by treatment with amidase and nitrilase. The functionalisation of 
textile surfaces is made by ‘enzyme immobilisation’ on textile surfaces to introduce 
some special functions to textile surface. The immobilised enzymes work better 
than free enzymes on the textile surface to impart long term functionalities on 
textile substrates. As compared to free enzymes, immobilised enzymes are perma-
nently attached to the textile, thereby adding unique functionalities to its surface.

5. Functional materials

5.1 Phase-change materials

The micro and nanoencapsulation of phase change materials can alter the core 
material from solid to liquid and liquid to stable by changing the entropy within a 
specific temperature span. This technique is used to suppress the effect of tempera-
ture variation on the targeted subject. The encapsulation of phase change materials 
is used to keep the temperature of clothing at a constant level. Microencapsulated 
phase change materials enhance the comfort delivery of blankets, duvets, mat-
tresses, snowsuits, and vests [38].

5.2 Fragrance finishes

Fragrance finishes are applied straight on textiles, but aroma stability lasts 
maximum up to a couple of wash cycles. The micro and nanoencapsulation of 
fragrances are used to prolong the fabric’s aroma functionality for a much more 
extended period. This technique is mainly adopted to encapsulate various essential 
oil flavours like lavender, rosemary, pine and others on for aromatherapy to treat 
headaches, insomnia, and prevent bad odour.

5.3 Fire retardants

Encapsulation of flame retardant materials does not allow sacrificing the 
softness and other low-stress mechanical properties seeded by direct application 
of flame retardant chemicals. Scientific selection of core and sheath materials for 
flame retardancy can offer synergistic effect; organophosphorus compound as core 
and nitrogenous compound as a sheath. Some intumescent flame retardant coatings 
can also be generated by micro and nanoencapsulation technique. This flame retar-
dancy technique is widely used in the military sector to treat the tentage, upholstery 
and firefighting dresses.
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5.4 Deodorant functional textiles

The deodorant fibres are manufactured by modifying the polymer molecular 
chain during polymerisation, by adding deodorant additives during fibre extrusion 
and by applying deodorant finish on fibre surface after spinning. The addition of 
deodorant additive as dope additive is simplest method to impart deodorancy in 
fibres as shown in Figure 4.

The polyester staple fibres were modified by photocatalyst and blended with 
cotton and bamboo fibre to produce several fabrics. The photocatalyst fibre con-
tents were varied from 0 to 100% at a step of 20% increment in different samples. 
The deodorant potential of produced fabric samples was tested and examined. 
The conclusion is explained that as the photocatalyst fibre content reached 80% 
or 100%, the fabrics get better deodorant potential, but the photocatalyst content 
remains 40% to 60% in fabric samples, it shows low deodorant effect. It is estab-
lished that at least 80% photocatalyst is essential to produce acceptable deodorant 
fabric [39, 40].

5.5 Polychromic microcapsules

The colours and dyes responsive against temperature are called as polychro-
mic or thermochromatic dyes. The dyes and colours changes by a change in 
ultraviolet light are called as photochromatic dyes. The thermochromic or  
photochromic dyes are encapsulated inside the shell material used for product 
labelling, forensic purposes, and fashion applications. Many dyes and chemi-
cals are available, which change colour by changing temperature and UV light 
exposure.

5.6 Antimicrobials

Microbes cause severe damage to various textile items. Some chemicals used to 
decay the microbial effects of fabrics are called as antimicrobials. These antimi-
crobials can be uploaded with textiles by microencapsulation technique in which 
antimicrobials remains in the core of the capsules. High-value textiles are treated by 
this method to prolong the life of these textiles.

Figure 4. 
Concept of inherent deodorant textile fibre.
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5.7 Textiles for refreshing and relaxing

Refreshing and relaxing attributes are incorporated in textiles by uploading 
the Aloe vera, menthol, and essential oils with suitable emulsifiers in the capsule 
core. Aloe vera has found an appropriate finishing ingredient of textiles to achieve 
a refreshing and relaxing feel in textiles. These functional textiles are used to offer 
pleasant wear, wellness, and high energy levels.

Various plants and fruit-based aromas are also used by encapsulating and load-
ing on fabrics for a functional point of view.

5.8 Textiles for cosmetics

A class of textiles responsible for imparting skincare, ageing combating, and 
wellness feeling is known as cosmetotextiles. Cosmetotextiles is one of the signifi-
cant members of the functional textile family. The demand for cosmetotextiles 
increases every year due to the increase in self-wellbeing and purchasing power 
globally [41].

Cosmetotextiles are resultant of combining cosmetics and the textiles through 
different techniques, in which microencapsulation is the prime. Cosmetotextiles 
is a consumer textile product with a long lasting cosmetic ingredient released as a 
function of time.

5.9 Skincare functional textiles

Skincare is the most potent aspect of modern globally. The glowing skin is the 
desire of every person of the universe. The potential of skincare in textiles can be 
incorporated very easily by finishing the route. The functional textiles are capable 
of caring for human skin in various ways, and some are described here.

Skin soft 415 New:

This fabric finish is based on water-soluble phospholipid developed by Daiwa 
Chemical Inc., Japan. The finishing bath mainly consists of 2-methacryloyloxyethyl 
phosphorylcholine (MPC) with phosphatidylcholine polar groups to retain mois-
ture on human skin for a long time [42]. A gentle softener is also used in Skinsoft 
415 New to give a soft feeling to the wearer.

The skinsoft 415 finish has the potential to enhance the antibrowning and 
antistatic potential of textile surfaces [43].

Ohara Paragium Chemicals Kyoto, Japan, have floated a wide range of skincare 
and anti-ageing functional finishes to treat different fabrics. Some selected skincare 
finishes for textiles are;

• Parafine Skincare −1000: This finish was developed by Ohara Paragium Chem. 
Japan and that primly consists of silk-based amino acids. The amino acids are 
rich in moisture retaining properties that promote skin well-being by enhanc-
ing skin moisture.

• Parafine Skincare-3000: This finish offers cellulite reducing functionality by 
the presence of capsaicin, along with moisture-retaining and skincare effect by 
the presence of raspberry and squalane, respectively.

• Parafine Skincare-5000: The Parafine SC-5000 finish primly based on extracts 
of rice germ oil (ferulic acid and g -oryzanol) and vitamin E. The mixture 
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of ferulic acid, g –oryzanol and vitamin E offers anti-oxidation attributes 
to impart skin anti-ageing. This finish accelerates the anti-oxidation, blood 
circulation, and bio-membrane stabilisation in human skin.

• EVOTM Care Vital: This skincare finish recipe mostly contains Aloe Vera, Jojoba 
oil and Vitamin E to impart anti-ageing functionality in the finished fabric. 
This skincare finish was developed by Dystar Auxiliaries GmbH, Frankfurt, 
Germany. Some natural bio-substances are added with silicone matrix, which is 
an essential component of most softeners to enhance the washfastness of treated 
fabric surfaces. This finish is applied as the final treatment in the standard 
exhaust and pad-dry-cure process sequence. DyStar has introduced a similar fin-
ish with the commercial name of Evo Care BeeWell with beewax, Evo Care AVP 
and Evo Care AVS. Primarily, these finishes are based on Aloe Vera and Jojoba oil. 
Evo Care finish can finish a wide range of textile materials to impart anti-ageing 
functionality in innerwear that come directly in skin contact.

5.10 Insect repellent

The purpose of insect repellant functionality on textiles is to protect the wearer 
and cloth both from insects. The insect repellant materials are used to finish the 
traditional textile surfaces either by natural materials like (essential oils) such as 
citronella, eucalyptus, lemon, and neem or synthetic materials such as picaridin 
(1-piperidine carboxylic acid 2-[2-hydroxyethyl]-1-methlypropylester) or per-
methrin and (N,N-diethyl-3-methylbenzamide) (DEET). Direct application of 
these ingredients possesses very poor wash fastness. Thus most of them are applied 
through microencapsulation route by melamine–formaldehyde, sodium alginate, 
and silica as sheath material by pad-dry-cure method [44–47]. The efficacy of 
DEET was tested under laboratory conditions to inhibit blood feeding and killing 
mosquitoes for six months. This formulation was found very useful for mosquitoes 
got resistance against pyrethroid.

Textiles loaded with microcapsules containing citronella as the active ingredient 
has found better insect repellency (more than 90% for three weeks) than fabric 
sprayed with citronella oil and ethanol solution directly on fabric surfaces [48]. 
Lemongrass oil extract was uploaded on polyester fabric in microcapsule form and 
found 92% insect repellency. The mosquito-repellency was 80% when the polyester 
fabric was treated through pad-dry-cure route microcapsules containing methanolic 
lemongrass leaves extract as an active ingredient in capsule core.

5.11 Wellness

A cosmetotextile is a textile containing a substance or preparation targeted to be 
released permanently on different epidermis parts. It claims one or several unique 
properties such as cleansing, fragrance, skin appearance change, protection and 
upkeep, or foul body odour correction.

Some multinational companies like Oracle (France) and Dim launch fabrics with 
moisturising agent containing microcapsules grafted on textile surfaces. Global 
companies; Cognis in 2001 and Invista in 2003 floated their products as cosmeto-
textiles solution. Some other companies like Lytess (France), supplier for L’Oréal 
since 2009 with Mixa (2010), Mennen Garnier (2011), Biotherm, and then Nivea 
(2014) are continuously involved in this business. These companies are exclusively 
dedicated to the development and commercialisation of cosmetotextiles and have 
become a European market leader as a textile brand in this area. The Cosmetotextiles 
market was estimated at 500 million Euros in 2013, in which the slimming garments 
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contribute about 10% share. France is the first producer and consumer of cosmeto-
textiles, with 64% of the market in 2012. The development and manufacturing of 
new products will open new market opportunities, cosmetotextile manufacturers. 
Cosmetotextiles can be broadly divided into two major classes: (1) dermocosmet-
ics (skin care) and (2) aromatherapy (release of essential oil and fragrances). 
Furthermore, a broad classification of cosmetotextiles is presented by Singh [49]. 
Grafting, padding, coating, spraying or screen printing are the major ways of apply-
ing microcapsules containing fragrance or cosmetic agents onto a textile [50].

5.12 Aromatherapy

Aromatherapy is considered an alternative route of medicine that uses volatile 
materials like essential oils by various peoples. Essential oil or fragrance is released 
from the microcapsule when any external stimuli actuate the fabric’s microcap-
sule to promote the healing. The functional textiles for aromatherapy are found 
appropriate to affect the feelings, emotions and mood. Textile substrate works as 
a medium to deliver aroma conveniently at the desired moment. Various curtains, 
furnishings, handkerchiefs, and masks are treated with aroma finishes to incorpo-
rate functionalities. The microcapsules containing essential oils or fragrance are 
leaded on such textiles. Perfumed microcapsules are fixed on textile surfaces wither 
by the use of a binder or chemical grafting. Variety of essential oils like peppermint 
to get the exact thinking mood, lavender to get feeling of getting relax, similarly 
other oils for different purposes.

5.13 Photochromic textiles

Photochromic materials are uncoloured initially and do not absorbs light. These 
materials are activated only by high energy protons of ultraviolet rays present in the 
close surrounding of it. Organic substances like fulgides, spiropyrans, and spiro-
oxanies are primly used as sensor in textiles.

For a textile application, organic compounds such as spiropyrans, spirooxanies 
and fulgides are mainly used to act as sensors [51]. The last category has found appli-
cation in garments, toys and logos on T-shirts. Microencapsulation is used to improve 
the compounds' fatigue resistance as a result of deterioration after numerous repeti-
tive cycles of irradiation and is affected by environmental factors [52, 53].

Photochromism is used in textiles to provide new functional smart fabrics such 
as garments capable of blocking UV radiation and sensing environmental changes, 
and also for aesthetics or functional effects such as camouflage, security printing, 
brand protection [51] and anticounterfeiting. Microencapsulated photochromic 
compounds can be applied by screen printing or grating onto a textile surface.

Di Credico et al. worked on a microencapsulation process to entrap a photochro-
mic UV-sensitive dye dissolved in sunflower oil as a core material. After optimising 
the microcapsule shell’s UV screening properties by tuning the core material’s 
chemical composition, they demonstrated the use of such UV screening micro-
capsules in functional coatings for the nondestructive in situ visual detections of 
mechanical damage by colour change.

6. Benefits of functionalisation by microencapsulation

According to the desired functionality in textiles through microencapsulation 
route, microcapsules are planned and engineered. Nature of active ingredient 
core material, nature of sheath polymer, particle size, compatibility between core 



Textiles for Functional Applications

56

and sheath material are some prime parameters that drive microencapsulation. 
Microcapsules with porous, semiporous or impermeable shells are used for different 
applications.

6.1 Protection and shelf life enhancement

Most of the active substances available are volatile, chemically fragile, or chemi-
cally, physically or thermally unstable, and cannot be applied directly on the textile 
substrate without being covered inside a shell. The micro or nano encapsulation not 
only provide the safety to the active substance from environmental stimuli; acidity, 
alkalinity, heat, moisture, oxidation) To restrict interaction with other chemicals 
remains present in the system to enhance the functionality delivery period.

The capsule shell is used to block the evaporation of active ingredients.
The capsules can also prevent the dissipation of volatile compounds. Additionally, 

the microcapsules save human resources at manufacturing and users side from expo-
sure to harmful substances. Microcapsules allow safe handling of active ingredients 
before processing and permit a soluble substance to be transformed in a temporarily 
insoluble form. This technique permits an unpleasant fragrance from active com-
pounds to be masked before end application during manufacture.

6.2 Controlled release

The microencapsulation of active substances is one of the best routes to enhance 
the efficiency and minimise environmental damage by controlled release.

This technology prolongs an active ingredient’s delivery until an external stimu-
lus like heat, moisture; pressure is actuated at a specific rate, time or situation. The 
microcapsules are desired to escape the core ingredient to the wearer under a range 
of controlled situations, which mainly depend on the choice of shell materials, 
the microencapsulation process opted and final applications.

6.3 Compatibility

The compatibility of core and shell material assists in microencapsulation. A 
binder’s efficiency in connecting microcapsules to the textile surface depends on 
compatibility between various interphases of each component’s microcapsules and 
finishing and chemical nature.

7. Microencapsulation technologies

The micro and nano encapsulation involve three necessary steps: enclosure of 
active ingredient as core material, the formation of microparticles and hardening. 
Again, these processes are further divided into three main groups depending on 
microparticles formation mechanisms. These three mechanisms are mechanical, 
chemical and physicochemical. The selection of one mechanism depends on various 
factors in which processing cost and selection of organic solvent is a significant 
point of considerations (Table 2).

Some multifunctional ingredients impart a range of functionalities on textiles 
after uniformly coating on it. Zinc oxide can introduce collective functionalities 
like antimicrobial activity, electrical conductivity, flame retardancy, hydrophobic-
ity, moisture management, photocatalytic self-cleaning, and UV protection. In the 
development of wearable electronics, the enhancement of the piezo-photocatalytic 
activity of ZnO NRs by controlling the structure grown on conducting textile 
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substrates will be crucial [64]. Silver nanoparticles and titanium dioxide nanopar-
ticles functionalised Cotton-cellulose-spandex fabrics with various weaving 
configurations like plain, twill and satin with ester crosslinking agent, silicone 

Basic Ingredient Functionality Reference

Pro-vitamin C soluble in 
sebum

Cosmeto-clothing: Pro-vitamin C converts into vitamin 
C in the presence of sebum and is applied on blouses, and 
men and women’s shirts

[54]

Aloe Vera, and Chitosan with 
other PCMs

Aloe Vera, and Chitosan with other PCMs Leg wear 
and intimate clothing for both men, women and Yoga 
Lines: Delivering cosmetic and well-being benefits like 
freshness, moisturising and massage for leg wear and 
intimate apparel. Stretch and recovery function through 
the use of Lycra

[49]

Distilled oils of plants, fruits 
and leaves

Textile has the functionality to provide gentle care to 
tired feet and legs with the special effects of invigorating 
aromas

[55]

Ultra-thin cloth with extracts 
of Padina Pavonica

The cosmetically inspired fluid lingerie “Hydrabra” 
provides moisturising and firming effects

[56]

Seersucker Woven Fabrics 
with Therapeutic Properties

Seersucker woven fabrics provide anti-cellulite functional 
knitted. The fabrics were measured in the range of their 
structural, mechanical, comfort-related and functional 
properties. These fabrics offer sufficient air transmission 
and good thermal resistance with gentle micro-messaging 
functionality

[57]

Chitosan microencapsulation 
with essential oils and bio-
surfactants on cotton fabric

Smaller size microcapsules are obtained in presence 
of bio-surfactants. The antibacterial activity of fabric 
increases with the increase the add-on of chitosan and 
essential oil concentrations. The presence of essential 
oil decreases the stiffness but has no effect on wrinkle 
recovery

[58]

Deodorising Textiles Photocatalyst modified polyester staple fibre, cotton, 
bamboo fibre, and photocatalyst modified polyester 
blended woven fabrics were offered good deodorancy at 
80% or 100% photocatalyst fibre content.

[39, 40]

Wearable and textile 
electronics

Wearable and textile electronics was developed by 
thermal atomic layer deposition (ALD) at 300 °C with 
highly reactive counter reactants, including plasma 
radicals and O3. High functional cotton fabrics are 
developed.

[25]

Temperature responsive 
functional textiles

A series of stimuli sensitive polymers were applied on 
various fabric surfaces to make them thermal responsive

[59]

Radar absorbers, microwave Polypyrrole coated fabrics and fibres becomes able to 
absorb various waves sensitive in radar range

[60]

Camouflage electrochromic 
functional textiles

Polymers have a higher ion exchange capacity, higher 
hydrophilic/intensely coloured in the charged state are 
used to coat the textile surfaces. Coated textile colour is 
dramatically altered by application of small quantities.

[61]

Flexible wearable pressure 
sensitive textiles

Piezoresistive properties are incorporated to detect the 
loacal pressure on the fabric. These functional textiles 
become useful for injury prevention, rehabilitation, 
sports and medical applications

[62, 63]

Table 2. 
Details of some selected functional ingredients, functions in functional textiles.
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micro-emulsion. The treated fabric samples offered sufficient antibacterial, soft-
handle, water/oil repellence, UV-protection and self-cleaning functionalities. The 
functionalised fabric samples retained these properties even after ten washing 
cycles [65]. Effective analytical techniques like scanning electron microscope with 
EDX confirmed the effective interaction between cellulosic surface and finishing 
nanoparticles.

The role of weave structure was also found crucial to enhance functionalities of 
treated fabric follows the descending sequence Satin (4) > Twill (2/2) > Plain (1/1) 
nevertheless of the used functional ingredients. The treated fabric samples showed 
bi-functional potentials like easy care-water and oil repellent, comfortable care-
soft touch, or easy-care/antibacterial finish. The fabric finished with citric acid/
NaH2PO2/TiO2-Nanoparticles to get easy care/antibacterial/anti-UV/Self-cleaning 
effect was stable regardless of fabric weaves.

The in-line characterisation of flame retardant and polyvinyl acetate based stiffed 
polyester and cotton fabrics were scanned by a hyperspectral camera (1320–1900 nm) 
based on chemometric approaches using the partial least squares (PLS) algorithm. The 
finish was applied to enhance the areal fabric density from 10–50 g.m−2. For both the 
fabrics, the root mean square prediction error (RMSEP) was estimated at 1.5–2gm − 2. 
These results were found a very close correlation with gravimetry results also. The 
near-infrared imaging technique was also opted to detect the finishing agents’ 
traces after washing the treated fabric surface. It was proved that a very thin layer 
of areal density between 0.4 and 5.5 g m − 2 was found intact even after many wash 
cycles [66].

8. Functional textile assessment

Functionality is a broad term used to assess the specific needs of clothing cus-
tomers. The assessment of functional textiles primly depends on the satisfaction of 
the customer. Customer demands water-proof breathable fabrics, flame-retardant 
deodorant textiles, antimicrobial-perfumed textiles, soft-skin glowing textiles 
and others. Creativity, reliability, and aesthetics are three significant points of 
consideration during functional textile assessment planning. Some features must be 
considered as a part of the assessment is:

• Low-Stress mechanical properties

• Breathability

• Thermal Transmission

• Air transmission

• Presence of active ingredients on the fabric surface

• Colour Index

• Scavenging potential of foul odours and toxic gases

8.1 Low-stress mechanical properties

The alacrity desire for comfortable fabrics has become steering of the increasing 
demand for functional textiles. A dramatic shift in apparel goods has registered 
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from durability to functional aspect and increasing purchase power and customer 
awareness fueled it up. The rapid change in fashion trends and market demand 
has compelled the fabric manufacturer to follow the functional textiles design 
right from fibre manufacturing stage rather than relying upon experienced cloth 
manufacturing with conventional fibre design. The concept of high-quality apparel 
fabrics to achieve desired level appearance, handle and wearing comfort was 
finalised by Hand Evaluation Standardisation Committee (HESC).

Consumers’Consumers’ purchasing decisions are usually based on feel fabrics 
for their tactile properties because, during daily wearing, low-stress mechanical 
action like bending, shear, compression, tensile, and hysteresis occurs on cloth-
ing. These common low-stress mechanical attributes significantly impact the feel, 
movement, sensory and tactile comfort. Other fabric and yarn properties like yarn 
counts; twist, coefficient of mass variation, neps, hairiness, thin and thick places, 
and strength and elongation also influence the clothing functionality.

Tactile properties of fabrics affect the functional aspect of apparel products and 
influence consumers’ decision-making when purchasing textile clothing [67].

In the textile industry, tactile comfort is known as “handle” or in a broader sense 
“skin sensational wear comfort” or “sensorial comfort”. Sensorial or tactile func-
tionality, mostly identified by “hand or handle”, is an inference of quantity of stress 
is generated in the fabric during use [68]. Tactile functional attributes are complex 
theories which incorporate dimensional alterations by small forces like bending, 
compression, shear, surface properties, and tensile. The feel of warmth and cool 
also influence the functionality of the fabrics.

Kawabata Evaluation system for fabrics (KES-FB) and Fabric Assurance by 
Simple Testing (FAST) systems are used to test the low-stress functional properties 
from a comfort point of view.

8.2 Breathability

The breathability of functional textiles is an essential parameter to be tested to 
assure the efficacy. The breathability of textiles is mostly referring to the moisture 
vapour transmission rate through the fabric. A series of instruments are available 
in the textile world, but moisture management tester of SDL Atlas is considered 
the prime instrument followed by some other concepts in which inverted cup 
method [69].

8.2.1 Sweating guarded hot plate tests

The sweating guarded hot plate’s moisture vapour transmission resistance can 
be measured as per ISO 11092 testing standard [70]. This apparatus comprises the 
water supply unit and measuring unit in which the measuring unit is fixed with a 
metal block which consists of an appropriate heating element. The measuring unit 
is a permeable square metallic plate with area of 0.04 m2 and 3 mm. The specimen 
holder remains at the centre of heating plate which is surrounded by a guarded 
heating device. As shown in Figure 5, the guarded heating systems block any lateral 
heat escape from the samples’ edges. The resist heater is fixed at the bottom of the 
heating plate to avert the descending heat loss from the specimen and guard section.

This positioning of various components operates heat or moisture transmission 
only upward along the specimen thickness direction. Distilled water is used to 
feed the surface of the porous plate through an appropriate dosing system. Water 
impermeable but water vapour permeable cellophane ultrathin membrane is fitted 
over the plate. The 300 X 300 mm2 sample is mounted over the membrane. The 
heating of square porous plate at the constant heating rate is started that mimics the 
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human body skin temperature, 35 °C, which is measured by a sandwiched sensor 
directly which is fixed underneath the plate surface. The entire system is closed in 
a chamber to control the micro-environment conditions very carefully. In order to 
simulate the actual condition, the air flow is kept at 1 m/s. The air temperature and 
relative humidity are maintained at 35 °C and 40% respectively.

8.2.2 Upright cup method

The water vapour transmission rates are measured as per ASTM E96, procedure 
B, and standard test methods by upright cup method. 100 ml distilled water is 
filled in a shallow cup and a specimen of size 74 mm is mounted on the cup by cov-
ering the gasket and fixing it in appropriate position. The cup and other accessories 
are housed inside an environmental chamber as shown in Figure 6. The tempera-
ture of circulating temperature is set to 23 °C with controlled relative humidity 
at 50%. The air flow is maintained with a velocity of 2.8 m/s. The cup assembly is 

Figure 6. 
Upright cup method.

Figure 5. 
Sweating guarded hot plate concept.
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weighed with accuracy of 0.001 g with the assistance of periodically top loading 
balance for 24 h. Finally the water vapour transmission rate is estimated by esti-
mating the weight change g, in a time period of 24 h through a test area in m2.

 GX24 / t X AWVT =  (1)

WVT = water vapour transmission rate, g/m2/day.
G = weight change, g.
t = time during which G occurred, h.
A = test area, m2.

8.3 Antimicrobial assessment of functional textiles

Assessment of antimicrobial functional textiles can be completed by testing the 
following attributes as summarised in Table 3:

Colour.
The antimicrobial finish application on textile surfaces should not alter the 

colour, which becomes the cause of significant quality deterioration. It is preferred 
to add an antimicrobial agent in dye bath if the dye and antimicrobial agent’s 
chemistry allows for this.

Chemical Effects.
The antimicrobial agent must have zero chemical effects on the functional 

textiles. The tensile strength, elongation, bending rigidity, fullness and surface 
smoothness must be maintained for a long time.

Efficacy.
The efficacy of bacteriostatic/fungistatic or bactericidal/fungicidal treatments 

must be appropriately checked. Variety of chemicals is available to destroy the 
microbes, but their logical selection is required to prolong the fabric’s functionality 
in a controlled manner. Apart from that, the antimicrobial agent should be effective 
at a relatively small quantity to control the add-on and cost of the material under 
permissible limits.

Odour.
The antimicrobial finishes should not release an annoying odour to the finished 

product, especially in apparel class. Many antimicrobial agents are prone to trans-
mit unpleasant odour, while some are entirely free from foul odour feature.

Fastness.
The fastness or stability of antimicrobial finish is calculated in terms of resis-

tance to abrasion, heat, light, laundering, oxidising agents, and ultraviolet rays. 
The deficient number of antimicrobial agents possesses all the above features. The 
antimicrobial molecule must be stable as a compound in a manufacturing environ-
ment. It should be steady not only for the finished functional textiles’ purposeful 
life but also for the long storage period.

Hand.
The antimicrobial treatment of functional fabrics should not deteriorate the 

functional fabric’s low-stress mechanical behaviour, particularly in the apparel 
sector’s manufacture. The fabric should not attain a rough hand after antimicrobial 
treatment.

Toxicity.
The antimicrobial functional textiles must be free from toxicity or of a short 

order of toxicity. The antimicrobial potential is an essential feature for kids clothing 
where any type of toxicity is not permissible.
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9. Enzyme immobilisation for functionality on textiles

Various enzymes have been immobilised on various textiles surfaces, cotton, 
polyester wool, and flax, to achieve additional functionalities. Enzymes are biological 
catalytic materials used to keep up biochemical reactions by expediting the catalytic 
potential. Enzymes are proteins, which remains available in cells of living entities that 
are proficient in reducing the stimulation energy needed by chemical reactions in 
organic medium and living creatures [75]. The demand for enzyme application has been 

Test Test Description and Expected Inferences

AATCC 
100–2004 
Antibacterial 
Finishes

The microorganism growth is completed in liquid culture, followed by dilution in a 
sterile nutritive solution. Inoculation is essential for sample and glassware. Bacteria 
quantity is examined at “time zero” by elution in a neutralising broth, followed by 
dilution and plating. A standard sample run is essential to confirm the neutralisation/
elution method effectiveness. Suppression of microorganisms reference to initial 
concentrations and the control sample is estimated.
Percent reduction of bacteria R = 100 (B – A)/B where: R is % reduction
A is the number of bacteria recovered from the inoculated treated test sample, B is 
the number of bacteria recovered from the jar immediately after inoculation (at “0” 
contact time)

AATTC 
Test Method 
147–2004 Parallel 
Streak Method

Control and treated both samples are placed in close contact with the inoculated agar 
surface with test bacteria. A logical zone of heckled growth below and along the sample 
sides represents antibacterial potential of the fabric sample. A usual bacterial strain must 
use for test. The mean width of a zone of inhibition along a streak on either side of the 
sample is calculated by: W = (T - D)/2 where: W is width of zone of inhibition (mm), T is 
total diameter (mm) of sample and D is diameter of the test specimen in mm.

AATTC: 
30–2004 
Antifungal 
Activity of 
Textiles

This test method includes four methods for antifungal assessment on textiles.
• One method involves testing fabric properties after burial in soil that 

 contains fungi.
• Second includes the cellulosic fabrics exposed to Chaetomium globosum in an agar 

plate and examination of subsequent growth.
• The third method exposes textiles to Aspergillus niger in an agar plate and visually 

determines any fungal growth.
• The fourth method uses a humidity jar to expose textiles to mixture of fungi spores. 

Any growth on the textile is visually determined.

AATCC TM30 
Test IV

A dry, 1 × 3 inches strip of nutrient saturated treated and untreated fabric, sprayed with 
a mixed-spore suspension of mildew is suspended and incubated with sterile water in the 
standard moist conditions. The percent fungal growth is recorded after the incubation 
period. This test allows more clear differentiation between treated and untreated samples.

SN 195920 Determination of antimicrobial activity on textile fabrics: Agar diffusion plate test

SN 195921 Determination of antimycotic activity on textile fabrics: Agar diffusion plate test

SN 195924 Determination of the antibacterial activity on textile fabrics: Germ Count Method

JIS L 1902 Testing for antibacterial activity and efficacy on textile surfaces

ISO 20743 Testing for antibacterial activity and efficacy on textile surfaces

BS EN ISO 20645 Determination of antibacterial activity: Agar diffusion Plate test

BS EN ISO 
11721-1

Determination of resistance of cellulose-containing textiles to micro-organisms- Soil 
Burial Test – Assessment of rot-retardant finishing

ASTM D 4300 Antimicrobial Testing for ability of adhesive Films to support or resist the growth of 
Fungi

ASTM E2149 Determining the Antimicrobial Activity of Immobilised Antimicrobial Agents under 
Dynamic Contact Conditions

ASTM E2180 Determining the activity of Incorporated Antimicrobial Agents in Polymeric or 
Hydrophobic Materials

Table 3. 
Various tests for antimicrobial assessment [71–74].



63

Textiles Functionalization - A Review of Materials, Processes, and Assessment
DOI: http://dx.doi.org/10.5772/intechopen.96936

triggered in all industrial segments, but the textile industry demands high performance, 
extremely stable enzyme at the uttermost pH and temperatures [76]. A physically 
attached enzyme on a water-insoluble surface, auxiliary material or carrier is called 
an immobilised enzyme [77]. These enzymes remain stable with the attached surface 
due to a proper linkage [78]. Various latest approaches appear regularly to immobilise 
various enzymes on surfaces to achieve improved efficiency, stability and applications. 
Many materials opted as carrier, substrate or support to immobilise the enzymes are 
inorganic, organic and organic synthetic carriers. Most inorganic carriers are alu-
minium oxide, activated carbon, bentonite, hydroxyapatite, kaolinite, nickel, titania, 
zirconia, silica gel, and glass. Inorganic carriers are less reactive with high stability and 
sound diffusion, and flowing potential. These carriers are very cost-effective also.

The organic carriers are mainly carbohydrates and proteins. The carbohydrate-
based carriers are alginate, chitin chitosan, cellulose, dextran, and starch; however, 
the protein-based carriers are albumin, collagen, and keratin. These organic carriers 
offer little diffusion and flow potential. These organic carriers are effected easily by 
microbial contamination and pH.

Organic synthetic carriers are polyamide (PA), polypropylene (PP), polyvinyl, 
polyacrylate, polystyrene, copolymers of ethylene, polypeptides and polyaldehydes 
primly [79]. The organic synthetic carriers are appropriate for a wide range of enzy-
matic applications because they are not sensitive to microbial contamination [80].

9.1 Essential features for a substrate for enzyme immobilisation

The characteristics of immobilised enzymes are defined by the interaction 
between enzyme and substrate characteristics. Important characteristics to consider 
are the following.

Solubility.
The immobilised enzymatic system should be insoluble and rigid with the 

substrate surface to avoid biological contamination and enzymes’ loss.
Functional groups.
The abundance, existence and activation of functionality are essential features 

of the matrix. These attributes are responsible for deciding the potential of the 
immobilised enzyme activity, stability under application situations. Generally, 
the immobilisation activity is performed via the nucleophilic reaction between the 
enzyme and substrate functional groups because the enzyme does not react with 
other organic reagents.

Dimensions and porosity/permeability
In general, the bigger the matrix surface area per mass unit, the greater the prob-

ability for the enzyme and substrate to get into contact. In terms of permeability, or 
porosity, the higher the porosity, the better the penetration of molecules between the 
enzyme and the substrate. Matrix pores bigger than 30 nm appear to support enzyme 
immobilisation by facilitating enzyme accessibility to the matrix’s internal area [80].

Mechanical strength
This property takes importance depending on the reactor or the industrial vessel 

where the chemical reactions take place. When using immobilised enzymes in a 
stirring tank, the matrix is desired to be strong enough to prevent abrasion. Particle 
sizes lower than 50–100 μm may result in filters and sieve plugging.

Resistance to microbial contamination
The support material must be resistant and not affected by microbial attacks. It 

should be stable and inert to microbial contamination for an extended period.
Reuse
One of the benefits and thus a desirable feature of immobilised enzymes is their 

ability to be reused. This property makes them less expensive and compensative for 
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any extra cost than soluble enzymes, which is especially important when using an 
expensive matrix or support materials in some specific applications. Proper orientation 
of immobilised enzymes and support from crosslinking agents improves reusability.

Hydrophobicity and/or hydrophilicity
The hydrophobicity and/or hydrophilicity of the carrier, supporting material, or 

matrix is vital because such characteristics affect the strength and affinity of enzyme-
carrier interactions noncovalent interactions [78]. This characteristic can also affect 
surface assimilation, dissemination, and obtainability of the product and substrate.

Matrix size and shape
These properties are significant for operating times. In general, the size and 

shape are dependent on the applications. Commercially, the matrix size can be 
available in the range of 150–700 μm particle size. A spherical shape matrix with a 
particle size range of 150–300 μm is preferred for stirred tank batch productions.

9.2 Enzyme immobilisation for textile processing

Different enzymes are tried to immobilise textile surfaces to achieve various 
functionalities, as summarised in Table.

9.2.1 Cellulases

Cellulase enzymes recorded global identity in textile processing due to their 
potential to functionalised the cellulosic fibres in a regulated fashion, manufactur-
ing improved quality fabrics without significant compromise in structural damage 
[81]. Cellulases, a group of enzymes, can cause cellulose hydrolysis via β-(1–4) link-
ages degradation of the biopolymer, consequently releasing reduced sugars [82–84]. 
The cellulase enzyme’s multicomponent tendency finds its most application in 
removing fluffy and protruding fibres from cotton fabrics (biopolishing) and for 
a stonewashed look in fabrics by efficient abrading of indigo-dyed denim [85]. A 
soluble–insoluble reversible polymer, Eudragit L-100, was successfully opted for 
cellulase immobilisation on cotton fabric surfaces and found an alternative to be 
used in bio-polishing and/or bio scouring of cotton fabrics [86].

9.2.2 Pectinases

Based on their mode of action, polygalacturonases degrade the complicated 
pectins found in plant tissues into simpler molecules like galacturonic acids [87, 88]. 
Pectinase has found its way in textile processing in the 21st century; otherwise, it 
was a known enzyme for the food industry [89]. Many non-cellulosic impurities 
are found in the primary wall of cellulosic fibres and less in the secondary wall, 
restricting the penetration of dyes and other functional finishes in the fibre interior 
[87]. The bioscouring of cotton is applied to degrade the cuticle and primary wall 
constituents from the cotton fibre surface to improve the hydrophilicity [90].

Pectinase immobilised on the cotton fabric surface for bioscouring in a reverse 
micellar system with pectinase dose of 10% (2.8 IU/g of the fabric) on the weight of 
the fabric at60 °C for 120 min, pH 7 to produce a hydrophilic fabric [91].

9.2.3 Amylases

Amylases are the enzymes, which split the starch molecules and starch related 
compounds in either exo or endo positions by hydrolysing α- 1,4- and/or α-1,6-
glucosidic linkages in either endo- or exo-locations [92]. The removal of starch from 
warp threads of the fabric in which unsized weft yarn also remains present is safely 
possible by the amylase enzyme’s selective action [93]. The immobilised amylases 
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Enzyme Support System Immobilisation Benefits Ref.

Amylase Alkylamine
glass beads
coated with
zirconia

Adsorption 
followed
by GLUTAL

Immobilised enzymes 
with better washing 
fastness till 100 
launderings without 
any considerable loss of 
activity

Dhingra 
et al. [94]

Cellulase Polyvinyl
alcohol coated 
chitosan beads,

Epichlorohydrin- 
Adsorption

Acid cellulase became a 
neutral cellulase

Dinçer and 
Telefoncu 
[82, 83]

Chemically 
modified pumices 
particles

ZrOCl2 
- Adsorption

Gives stonewashed 
finish on indigo-dyed 
denim fabrics by efficient 
abrading

Pazarlioglu 
et al. [81]

Catalase Alumina pellets Covalent-GLUTAL Higher stabilities and 
surfactant inactivation

Costa et al. 
[99]

Alumina pellets Covalent-GLUTAL 93% protein bound and 
87% activity retained

Paar et al. 
[100]

α- and γ-Alumina 
balls, Novalox 
saddles and 
Raschigrings

Covalent-GLUTAL Higher porosity and 
shape of the carriers are 
two main parameters to 
influence the enzyme 
immobilisation stability.

Fruhwirth 
et al. [101]

Cotton fabric or 
Nylon 6

Adsorption
and 
covalent-GLUTAL

Low cost and flexible 
construction

Opwis et al. 
[102]

Poly(ethylene 
terephthalate) or 
polyamide 6.6

Covalent -Photo 
chemical

After 20 application 
cycles, the immobilised 
enzyme showed an 
integral activity around 
3.5 higher than free 
catalase

Opwis et al. 
[103, 104]

Poly(ethylene 
terephthalate)

Chemical and 
Covalent- 
Photochemical

Enzyme modification 
before the immobilisation; 
photochemical technique 
may be able to compete 
with conventional 
immobilisation procedures

Opwis et al. 
[105]

Peroxidase Polyethylene Covalent-GLUTAL Reusabilty was studied for 
15 cycles and the half-life 
was found to be 60 h

Shaffiqu 
et al. [106]

Laccase poly amide 6,6 Cross linking- 
GLUTAL and 
spacer

Potential for application 
in the continuous 
decolorisation of textile 
effluents, where it can be 
applied into a membrane 
reactor

Silva et al. 
[98]

Glucose 
oxidase

Cotton Covalent binding Recycling of desizing 
liquors into bleaching 
liquors

Opwis et al. 
[107]

polypropylene plasma activated, 
-OH Bond

To produce enzymatically 
active films, activity 
prolong upto 30 days of 
storage

[108]

Table 4. 
Enzyme immobilisation on textile surfaces, (GLUTAL: Gluteraldehyde).
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enzyme has opted in the detachment of starch and detergents from cotton fabrics. 
All detergents’ performance enhances in the presence of immobilised amylase on 
cotton fabric surfaces [94].

9.2.4 Proteases

Proteases enzymes are used to carry out the protein degradation through 
hydrolysis of the peptide bonds in the polypeptide molecular chains [56, 95]. The 
traditional chlorination process in woollen fabric to achieve shrink-proofness 
causes ecological issues due to chlorine release is successfully replaced by immo-
bilisation of proteases enzyme. The proteases action on woollen fabric enhances 
the dyeability, whiteness index and hand behaviour [96]. Some researchers have 
reported excessive damage in strength and weight loss in woollen fabrics [97]. 
Immobilisation of proteases enzyme on the textile surface typically enhances the 
molecular size, constraining proteolytic attack to the cuticle.

The modified protease is immobilised on the cuticle layer region to hydrolyse 
just the cuticle layer, producing higher tensile strength and a lower felting of the 
wool fibres. Silva et al. [98] used a commercial protease (Esperase) covalently 
linked to Eudragit S-100 as summarised in Table 4. This novel approach is a 
promising alternative for wool shrink-resist finishing, replacing the conventional 
chlorine treatments. Under optimised conditions (Eudragit, 2.5% w/v, carbodi-
imide, 0.2% w/v, coupling time 1 h and blocking agent concentration, 0.05%), 
the conjugate activity yield was about 45%, and its operational stability at 60 °C 
was increased by 1.7 times. Recently different enteric polymers are coupled with 
Esperase using carbodiimide coupling. More recently, Smith et al. [96] demon-
strated that different enteric polymers could also be successfully coupled with 
Esperase using carbodiimide coupling on woollen fabric.

9.2.5 Glucose oxidase

Glucose oxidase is a dimeric glycosylated flavoprotein enzyme that can accel-
erate the oxidation of glucose to gluconolactone, which in turn, spontaneously 
yields gluconic acid as H2O2 as a side- product [109]. Therefore, glucose oxidase 
has been considered a possible method for producing H2O2 for green-bleaching, 
targeted at enhancing the fibre performance before colouration by tear down the 
pigments initially present in the natural fibres that possess greyness. Enzymatically 
produced H2O2 also gives a comparative bleaching effect with chemical bleaching. 
The immobilised.

9.2.6 Catalases

Catalases enzymes are known to cleave H2O2 into water and oxygen. H2O2 is 
a powerful bleaching agent and oxidises reactive dyes if H2O2 does not remove 
properly from cotton fabric [110]. Catalases enzyme cannot withstand com-
mercial bleaching conditions like temperature 60 °C and pH 9 and above [111]. 
Alkalothermophilic and thermophilic microorganisms generated catalases enzyme 
is used as a successful alternative to commercial chemical bleaching. The immobili-
sation of catalase enzyme on fabric surface counters this issue and offers enzyme 
for re-application, saving energy and water both. Catalase immobilisation has 
been practiced by various researchers [109, 112, 113], with different carriers like 
organic and inorganic materials such as porous glass, cellulose, alumina, silica gel 
and hydrogels. Some biopolymers like gelatin and chitosan; additionally, some 
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synthetic polymers like polyacrylamide, were also used for bleaching treatments as 
 summarised in Table 4 [101]. In a remarkable work Kiehl et al. [114].

Opted catalase enzyme to immobilised on polyester, polyamide (Nylon 6, Nylon 
66), cotton textile surfaces opting different strategies as mentioned in Figure 7. 
The catalase enzyme was loaded with 20–70 mg enzyme/g textile carrier to achieve 
reactivity upto 20% and excellent stability against enzyme desorption. The strate-
gies like grafting, application of bifunctional coupling agents, monomeric and 
polymeric crosslinking agents were planned to achieve covalent fixation of the 
enzyme on textile carriers as shown in Figure 7.

9.3 Decolorisation of dyes and effluent treatment

9.3.1 Peroxidases

Peroxidases are oxidoreductases used to consume H2O2 to initiate the oxida-
tion of a wide variety of organic and inorganic chemicals. Several studies covering 
general properties, biochemical and molecular characterisation, and industrial and 
environmental applications have been discussed and reviewed elsewhere [115–118].

The majority of the matrices currently used for the immobilisation of enzymes 
such silica, controlled pore glass, polyvinyl alcohol, polyacrylamide and chitosan 
beads were not suitable because of dye adsorption onto the matrices, probably 
inactivating the enzyme [106].

9.3.2 Laccases

Laccases enzymes are copper-containing oxidoreductases, which belong to 
the group of small blue oxidases. They are widely distributed in higher plants, 
fungi and bacteria [119, 120]. These enzymes are used to functionalised the vari-
ous aromatic compounds (particularly phenols) and inorganic compounds, with 
concomitant reduction of oxygen to water. Laccases enzymes have found in various 
textile as well as other industries. The application laccase enzyme is expanding fast, 
decolourising textile effluents and bleaching textile substrates.

Figure 7. 
Immobilisation of catalase enzyme on various textiles materials by different methods (Kiehl et al. [114]).



Textiles for Functional Applications

68

Most of the laccase enzymes are produced by white-rot fungi, which are efficient 
in decolourising dyeing effluents [121]. Research has shown that the subsequent 
coating of the alumina-immobilised laccase with polyelectrolyte layers considerably 
increased laccase stability.

In the initial stages of laccase action, decolorisation was primly due to the adsorp-
tion of the dyes molecules onto the support system, but the support enzymatic decol-
orisation was apparent after the saturation of support. Acid stable laccase enzyme 
works well in decolouration of low pH wool dyeing effluents with water recycling 
opportunity. Silva et al. [98] revealed the potential application of woven nylon 66 
fabrics as a carrier for laccase immobilisation to be used in a membrane reactor.

10. Conclusions

Functional textiles are one of the most critical fields in the textile industry and 
textile materials science. They include breathable, heat and cold-resistant materi-
als, ultra-strong fabrics (e.g., reinforcement for composites), new flame-retardant 
fabrics (e.g. intumescent materials), and optimisation of textile fabrics for acoustic 
properties. Functional textiles became more critical materials for various applica-
tions, and interest in them grew year by year.

Human skin offers the crucial first defence mechanism for the body to safe-
guard against external threats. Clothing fabrics and the human skin surface form a 
cushioning network that creates a thermal and sensorial state of comfort to keep a 
human being in the state of wellness.

The microencapsulation is the most versatile technique to impart various 
functionalities in textiles. Microencapsulation suppresses the compatibility between 
active ingredients and fibre surface by enhancing the functional durability, efficacy 
and sustainability. This technique’s vast use can be witnessed in functional finish 
fabrics, medical and healthcare textiles, aromatherapy, cosmetic textiles, and many 
more functional textiles.

The moderate stability of these bio-catalysts primly restricts the immobilisation 
of enzymes on textile surfaces. The immobilisation of various enzymes on textile 
surfaces gives a sustainable solution of surface functionalisation for easy processing. 
Enzyme immobilisation twinning with other surface modifying techniques gives 
a synergistic effect in textile functionalisation. Various researchers are trying to 
enhance the temperature and pH range of enzymes for more effective immobilisa-
tion. The immobilisation allows the recovery of enzymes with increases stability 
to reduce the operation cost of different processes. Recent developments in the 
synthesis and fabrication of supporting materials with customised pore size and 
surface functionality have licenced more precise control of enzyme immobilisation. 
Perfectly oriented and highly rigid enzyme molecules are needed for better immo-
bilisation and integration with different surfaces.
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Abstract

Global trends are shifting towards environmental friendly materials and 
manufacturing methods. Therefore, natural fiber applications are gaining traction 
globally. Silk, a natural protein fiber is one of the textile fibers that have recently 
received more attention due to the new frontiers brought about by technological 
advancement that has expanded the use of silk fiber beyond the conventional textile 
industry. The simple and versatile nature of silk fibroin process-ability has made 
silk appealing in wide range of applications. Silk is biocompatible, biodegradable, 
easy to functionalize and has excellent mechanical properties, in addition to optical 
transparency. This review chapter explores the use of silk in biomedical applications 
and healthcare textiles. Future trends in silk applications are also highlighted.

Keywords: Silk, Silk fibroin, Bio-applications, Functional textiles

1. Introduction

Silk is a natural fibrous protein biopolymer, spun by arthropods like spiders, 
mites, fleas and silkworms [1]. The structure, composition and properties of silk 
differ depending on their specific function and source [2]. Silkworms are one of the 
silk spinning insects that has been researched in detail and finds wide applications 
in textiles [3]. Silk production, also known as sericulture, has a long history that is 
usually closely associated with China. Silk was discovered in 2640 B.C. by Hsi-Ling-
Chi, who also found out that silk fiber loosened and unwound in hot water; and 
twisted to make thread that was used to weave a very strong cloth. Hsi-Ling-Chi 
later developed a means of raising silkworms and a method of reeling the fibers to 
make garments [4, 5]. As silk became a very precious commodity, sericulture spread 
within china and to other countries. Demand for silk products created a trade route 
that is famously known as Silk Road [6].

Silk filaments from silkworms are classified into two types; mulberry and non-
mulberry (also called wild or vanya silk). Mulberry silk are generally produced by 
Bombyx mori which are insects belonging to the Bombycidae family. Bombyx mori 
feeds on mulberry plant leaves. Mulberry silk is further divided into bivoltine and mul-
tivoltine, depending on the number of silk cocoon crops harvested annually. Bivoltine 
is harvested twice a year while multivoltine is harvested throughout the year [7]. 
Non-mulberry silk on the other hand, is silk from Saturniidae family. Non-mulberry 
silk includes tasar silk, muga silk and eri silk. Tasar silk is secreted by Antheraea 
silkworms. They have hard and compact cocoons. Tasar silk can either be tropical tasar 
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or temperature tasar. Muga silk is produced by Anteraea assamensis silkworm; it has a 
unique natural golden color, with significant luster and durability. Eri silk is produced 
by Philosamia synthia ricini (also called Samia cynthia) silkworms, which usually feed 
on castor or papa plant leaves. Eri silk being in the wild silk category, has however been 
completely domesticated just like mulberry silkworms. Eri silk cocoons draw shorter 
silk fibers when compared to other silks which draw continuous filaments [8, 9].

Silk cocoons comprise over 95% proteins and about 5% impurities (mineral salts, 
waxes, ash). Raw silk consists of two proteins; sericin (gum) and fibroin (fibers). 
Sericin and fibroin are composed of amino acid chains. The types and composition 
of these amino acids are different for sericin and fibroin. Non-mulberry silk has 
lower sericin with higher levels of impurities compared to mulberry silk [10]. After 
degumming, sericin and other impurities are removed from the raw silk fibers. 
Therefore, degummed silk is composed of mainly fibroin protein [11, 12].

Several authors have reviewed, described and demonstrated the structure of silk 
fiber varieties, especially Bombyx mori in relation to several performance properties. 
These include: conformations of silk, heavy chains with possible chain folding and 
micelle assembly in water, primary structure, 12 repetitive and 11 amorphous regions, 
amino acid sequences of i, ii, and iii, hierarchal structure among others (Figure 1) [13].

Silk fibers are usually used for conventional textile applications after the 
removal of sericin and other impurities. Recently however, due to excellent 
mechanical and optical properties, as well as its biocompatibility, biodegradability 
and implant ability, silk has found increased applications in functional textiles [1, 
14, 15]. This has been made possible by the simple and versatile nature of the silk 
fibroin process ability into various forms such as sponges, gels, strands, blocks, 
foam, films, and more recently, nanofibers [16–21]. Applications of silk in biomedi-
cal materials, drug delivery and in optics and sensing are therefore discussed in 
this chapter. The chapter underscores the forms and properties of silk making them 
suitable in these applications.

2.  Common manufacturing processes for silk-based functional  
products

More recently, silk fibroin (SF) films with fineness ranging from hundreds 
nanometers to tens micrometres are obtained from regenerated solutions through 
liquid processing including: spin coating, inject printing, doctor blade, soft lithog-
raphy, contact printing or nano- imprinting, among others; that support industrial 
scale production. Doping, blending and functionalization of SF has also been a 
route to achieve substrates for advanced technological use in organic electronic 

Figure 1. 
Schematic presentation of the silk fibroin (SF) structure; d represents the diameter of a single silkworm thread 
[13]. Reproduced with permission.
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sensors based on field effect transistors, and with optically active dyes, particularly 
for biomedical applications [22–25]. Nano and micro-patterning, through spin coat-
ing and lasing, was used to obtain stilbene-doped silk film of significant mechanical 
performance and optical performance [24].

Innovative attempts during breeding and feeding of silk worms, through incor-
poration of dopants in the diet, have yielded modified SF substrates of functional 
value; e.g. silk threads with electrical conductivity through incorporation of silver 
nanoparticles in mulberry diet, fluorescence introduced in silk fiber through colo-
rant compounds in mulberry feed, among others [26–29]. These approaches save on 
extra processes and time that would be required as after treatments, and enhance 
the durability of such functions. Optimization of silk-worm breeding is often 
required for control and reproducibility of functional substrates. For example, 
among others, the silkworm survival rates, temperature conditions and duration of 
the larval cycle are monitored.

Based on different varieties of B. mori, in 2019, a silk fibroin based technology 
was developed in order to optimize and support industrial bio-manufacturing [30]. 
The evaluation and standardization of extraction, purification, and characteriza-
tion methods were reported; yielding biocompatible SF substrates with high purity 
and outstanding chemo-physical performance. The result was a validated bio-
diagnostic microfluidic and photonic device (a lab-on-a-chip) (Figure 2).

Several conventional textile spinning and construction methods are used for pro-
duction of functional silk yarns, fabrics; including a variety of finishing technologies 
through which active functional ingredients may also be introduced. Therefore, such 
might be applied during fiber spinning (e.g. for sutures) and after fabric construction 
through a variety of wet and dry finishing processes [31]. Innovative approaches include 
micropatterning, 3D printing and more nanotechnology based systems (Figure 3).

Electrospinning is a common method used in the production of nanofibers and 
microfibers from SF solutions. The ensuing fibers possess a high specific surface, 
favoring the use of such scaffolds in tissue regeneration [34, 35]. The mechanism 
of electrospinning (Figure 4) is based on a high electric voltage applied to the fiber 
polymer solution. The polymer solution is ejected when the electric force overcomes 
the surface tension of the polymer solution, forming a polymer jet. Electrospinning 
can be of needle or needleless. The needle electrospinning utilizes a high-voltage 

Figure 2. 
Schematic picture of the biomanufacturing approach to obtain SF based technological substrates [30]. 
Reproduced with permission.
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power supply, and a syringe needle connected to a power supply and pointed 
towards a collector. Needle electrospinning options pose a demerit of very low 
productivity, thus, unsuitable for practical commercial value. Needleless electros-
pinning setups have been innovated recently. In these systems, polymer jets form 
simultaneously from the surface of polymer solution by self-assembly [36–41].

3. Silk in biomedical textiles

Biomedical textiles are composed of fibrous units produced from natural or 
synthetic materials. These textiles are used in either external or internal environ-
ment of living organisms [42]. Biomedical textiles are further used, medically, 
to improve the medical condition of a patient [43, 44]. Some biomedical textiles 
include implantable, non-implantable and extracorporeal devices as well as hygiene 
and health care products [45]. Non-implantable materials/devices include wound 
dressings materials like bandages and gauzes. While, implantable materials/devices 
include artificial arteries, heart valves, sutures, and vascular grafts among others. 
Extracorporeal devices mainly include artificial body organs. Hygiene and health 
care products include sanitary towels, tissue paper, wipes, hospital gowns and 
uniforms, hospital bed covers, surgical covers, masks and caps. Other biomedical 
textiles include polymer sensors and wearable medical implants [46, 47].

Figure 3. 
Structural design of SF-based biomaterials from single structures to multi-level structure [32, 33]. Reproduced 
with permission.

Figure 4. 
Schematic images of needle-less (A) and Needle (B) electrospinning processes [40]. Reproduced with 
permission.
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Textile materials used in biomedical applications must be non-allergic, non-
carcinogenic, non-toxic, biodegradable and biocompatible. Additionally, biomedical 
textile materials must be able to be stable to handling and use. For example, during 
sterilization and use, they should not change their physical or chemical properties 
(e.g. through oxidation or chemical reaction). Other important properties for these 
textiles include: high tensile strength, elasticity, high burst stream, low permeability 
and durability [42, 48, 49]. Different synthetic (e.g. polyester, nylon, acrylics, and 
polyethylene) and natural (e.g. silk and cotton) fibers are used in production of 
biomedical textiles. Silk fibers possess good toughness and ductility in terms of 
elongation at break, tensile modulus and tensile strength; suitable for biomedical 
applications[1, 50]. Additionally, regenerated silk solutions are gaining popularity in 
producing various biomaterials in form of gels, films, membranes and sponges [51].

3.1 Silk in wound dressing

Studies have shown that silk fabricated through non-weaving and electrospin-
ning can be used in wound dressings, and as drug carriers [1, 46, 52, 53]. Xia et al. 
[54] reported that silk fibers functionalized with silver nanoparticles presented 
special antibacterial properties in a wound dressing material. A two-layered wound 
dressing developed from a wax-coated silk woven fabric, a sericin sponge and a 
bioactive layer of glutaraldehyde cross-linked silk fibroin gelatin was reported to 
reduce the size of the wound, collagen and epithelialization [55–57]. He et al. [58] 
asserts that fibroin hydrogel from Bombyx mori cocoons has good healing properties 
due to its biocompatibility nature, low biodegradability and immunogenic proper-
ties. On the other hand, Chouhan et al. [59] found that nanofibrous mats of silk, 
functionalized with Poly Vinyl Alcohol, (as a blend) mat supported diabetic wound 
healing. The mats were able to promote tissue re-modeling and also regulated 
extracellular matrix; thus the wound healing.

3.2 Silk garments for dermatology treatment

Atopic Dermatitis is a worldwide health concern, with a higher prevalence in 
developing countries, and occurring in among many age groups. Symptoms for 
Atopic Dermatitis include redness and itchiness of the skin. These symptoms can 
be severe leading to a chronically repeating flare characterized by serious eczema 
(distribution of skin lesions) [60]. Treatment and management of this condition 
requires skin stabilization, flare prevention, as well as the use of medication that can 
cure the symptoms [61]. Silk garments have been used as a textile-based therapy for 
Atopic Dermatitis owing to their hygienic properties including antibacterial proper-
ties. Additionally, silk filament fibers are strong and round in shape, and therefore 
fine and smooth. Wearers experience comfort to the skin as this structure prevents 
and scratching from friction and irritation to the skin [62]. Moreover, the fine and 
smooth fibers have no or very little abrasive effect on atopic skin. This enhances the 
recovery of the irritated skin unlike with rough fibers that irritate the skin. Due to 
a significant moisture regain, silk fibers are also able to maintain body humidity 
therefore reducing the sweat circulation and moisture loss that can make xerosis 
worse [63]. A study by Hung et al. [60] further the ability of silk garments to signifi-
cantly decrease the severity level of dermatitis symptoms. The study emphasized the 
merits with the smoothness of silk which is friendly to the irritated skin. The fiber 
enhances collagen synthesis and also reduces inflammation which cures eczematous 
lesion [63, 64]. Moreover, hygienic properties of silk act as a skin barrier, protecting 
the skin from bacteria, viruses and other contamination that reduces the inflamma-
tion [60, 65]. Of importance is the sensory experience of patients with silk garments 
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as highlighted by these studies; they contribute to the physical and emotional 
comfort of dermatitis patients which possibly aids the healing process. Therefore, 
silk garments can be used as a non-pharmacological therapy to impede the severity 
of Atopic Dermatitis and other related dermatology conditions.

3.3 Silk in hygiene and health care products

The good mechanical properties of silk, its softness and antibacterial properties 
partly account silk’s application in producing hygiene and health care products. 
Some applications of silk in hygiene and health care include: materials used in 
hospital wards and operating theatre as well as materials used in care and safety of 
hospital staff and patients. Silk materials used in operating theatre are in form of 
patient drapes, and surgical gear (as gowns, caps, masks and cover cloths) [46]. 
Silk, functionalized with titanium dioxide nanoparticles was used to produce a 
photocatalytic silk mask paper. The mask was found to exhibit special protective 
functions— degrading volatile organic compounds achieved by combining the 
unique properties of silk fibers and nano-TiO2 [66–69].

3.4 Silk-based tissue engineering

Tissue engineering applies principles of biological sciences and engineering to 
develop biological substitutes to replace, enhance and maintain damaged or defec-
tive tissues such as cartilage, bone, skin and even organs [70, 71]. The choice of the 
biomaterial and the methods used determines whether the resulting bio-substitute 
will be functional. Silk has good mechanical properties, has a slow degradation rate 
and a low inflammatory response which makes it fit for use in tissue engineering. 
However, Sericin can elicit immune response and must therefore be completely 
removed before being used [72]. The type of silk that is commonly used in tissue 
engineering is Bombyx mori silk. Other types of silk that are gaining popularity 
include silk fibers from; P. ricini, A. assama, A. pernyi and A. mylitta [71, 73]. 
Silk-based tissue engineering includes: Scaffolds in form of skin grafts/artificial 
skin, bone grafts, artificial pancreas, cardiac tissue, artificial liver, artificial 
Intervertebral Disc Intervertebral disc, among others [74].

3.4.1 Skin grafts/artificial skin

Skin, the largest body organ protects the body against infections from pathogens 
and microorganisms [75]. Due to certain illness, the skin may get damaged and may 
require some replacement in form of grafts. A good graft is supposed to cover and 
protect the intended place without causing any negative immune response. This 
promotes fast healing that reduces chances of scarring on the body [46].

In the recent past, different biomaterials like silk fibroin, cellulose alginate, colla-
gen, polycaprolactone (PCL), polylactic acid (PLA), silicone, dextranelastin and poly-
ethylene glycol(PEG) have been explored as possible cellular scaffolds for skin grafts 
and wound healing [73, 76, 77]. Among these biomaterials, silk has been used to mimic 
human skin as well as in wound healing. This is because silk has notable properties like 
low immune response, biodegradability, biocompatibility and is cost-effective [1].

Additionally, studies have proved that silk supports human keratinocytes and 
fibroblasts which are important in engineering artificial skin [46, 73, 78]. Studies 
by Chauhan et al. [59, 79] have reported successful use of electrospun silk fibroin 
from A. assama and P. ricini silk species in wound dressing. The studies also 
reported that a blend of electrospun silk fibron with polyvinyl alcohol promotes 
faster healing of wounds due to granulation during tissue formation. Other studies 
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have demonstrated the use of electrospun silk fibroin from A. assama keratinocytes 
being successfully used in engineering artificial skin.

The therapeutic performance of SERI Surgical Scaffold has been studied; includ-
ing open label clinical trials and case reports. A few studies have cited side effects 
such as poor scaffold integration (Figure 5), that have required surgical removal of 
the scaffold [80].

Comparing woven fabric, non-woven fabric and a film foam from silk fibroin in 
relation to cell culture responses by human oral keratinocytes, studies reported that 
water vapor-treated non-woven silk fibroin had better cell adhesion and dispersion 
of human fibroblasts and keratinocytes [46, 81]. This suggests that silk based bio-
materials for tissue engineering requires a careful selection of fabrication techniques 
and material to blend with. Electrospinning is one of the preferred techniques for 
making non-woven nano-scale fiber mats for engineering artificial skin [51]. More 
results from electrospinning silk for tissue engineering include: electrospun silk 
fibroin scaffolds, 3D nonwoven scaffolds made from crosslinking silk fibroin with 
formic acid, and water vapor-treated silk fibroin nanofiber matrices among others. 
[46, 81, 82]. Reported blends that have been used successfully with silk for produc-
ing artificial skin include alginate, chitin, intermolecular cross-linked recombinant 
human-like collagen and biomimetic nanostructured collagen [46, 83–85].

3.4.2 Bone grafts

Today, various biomaterials are available for developing scaffold-based bone 
tissue. One of such material is silk fibroin which has good biological and physic-
chemical properties— making it suitable for developing osteoinductive functional 

Figure 5. 
Examples of SERI Surgical Scaffold implant loss in humans. A) Silk fibroin surgical mesh prior to 
implantation. B) Intraoperative view showing a free lying scaffold in the breast pocket. C) Retrieved scaffold 
surrounded with seroma. D) Interaoperative view of surgically removed scaffold with interpenetrated 
granulation tissue/scar plate (at >5 months), and E) histology of retrieved sample showing granulation tissue 
with neutrophiles and giant cells at the material (1) interface (dotted line). Reproduced with permission [80]. 
Copyright 2018, Elsevier.
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Figure 6. 
Silk-based devices for fracture fixation. A) scanning electron microscopy image of a silk fibroin screw. Scale 
bar is 1 mm. B) Silk fibroin screw inserted into a rat femur at 4 weeks postsurgery. C, D) Cross-sec-tions of the 
silk fibroin screw inserted into a rat femur at 4 weeks post-surgery; sections stained with H&E and Masson’s 
trichrome, respectively. Adapted with permission [94] Copyright 2014, Macmillan Publishers.

bone grafts that resemble collagen [86, 87]. Silk fibroin from A. mylitta is reported 
to make porous scaffolds that mimic borne tissue [88]. Meinel et al. [89] induced 
osteogenic differentiation of human mesenchymal stromal cells in B. Mori silk 
fibroin to develop a bone graft. Other studies have explored blending B. Mori silk 
fibroin with hydroxyapatite to repair segmental bone defects [90, 91]. Findings 
by Reardon et al. [92] suggest that electrospun B. mori and A. assama silk fbroin 
blended with 70S bioactive glass repairs osteochondral tissue defects. Moreover, a 
study by Moses et al. [93] reports use of copper-doped bioactive glass silk composite 
matrices to repair large volume bone defects.

Fixation devices, including bone plates and bone screws have been manufac-
tured from B. mori fibroin by casting in hexafluoroisopropanol, and formed into 
desired shaped (Figure 6) [94]. Silk screws tested in rats were well tolerated, 
showed early resorption and new bone formed around the threads of the screw. 
Such devices are easily malleable with hydration, allowing shaping for unique 
anatomical locations during surgery.

3.4.3 Artificial ligament and tendon

Tissue engineering for ligament and tendons requires biomaterials that are 
biodegradable, have good mechanical properties, good structural integrity, 
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biocompatible and promote regeneration of new ligament and tendon tissues [46]. 
Silk is thus a suitable fiber that meets these requirements for performance and func-
tion [1, 93]. Weaving and braiding are reported as the most preferred techniques 
for making silk based ligament and tendon [95–97]. Other studies have reported 
crosslinking silk fibers with collagen matrix, coating poly(lacticco-glycolic acid) 
fibers with silk, blending silk fibers with fibroblast growth factor and transforming 
growth factor-β (TGF-β) in developing artificial ligament and tendon [46, 98–100].

3.4.4 Cardiac tissue

The most difficult part in cardiac tissue engineering is to perfectly mimic the 
original extracellular matrix. Patra et al. [101] and Stoppel et al. [102] reported to 
have successfully used scaffolds made B. mori and A. mylitta silk fibroins to treat 
myocardial infarction. Moreover, Mehrotra et al. [103] developed a 3-D cardiac 
construct made from stacking cell-laden silk films; the constructs proved to be good 
for cardiac tissue regeneration [73].

3.4.5 Liver modules

Different bio-artificial liver and cell therapies to treat liver diseases are available 
today. Cirillo et al. [104] developed a film from a blend of silk fibroin and collagen. A 
study by She et al. [105] examined a film made from silk fibroin, chitosan and heparin 
scaffolds that showed hepatocyte regeneration. Another study [106] reports scaffolds 
made from a blend of polylactic acid (PLA) and silk fibroin had a higher differentia-
tion and proliferation as compared to scaffolds made from pure PLA alone. Likewise, 
a study by Janani et al. [107] reports that a functional liver can be fabricated from a 
blend of mulberry (B. mori) and non-mulberry (A. assama) silk fibroin.

3.4.6 Artificial pancreas

Different types of microspheres, hydrogels and nanoparticles have been devel-
oped to ensure a continuous release of insulin in diabetic patients [108]. In the 
recent past, islets have been encapsulated with biomaterials before they are trans-
planted to prevent immune response and to have a continuous insulin release [109]. 
A study by Davis et al. [110] reports encapsulating islets in silk hydrogel which 
improved the in vivo functions of the islets after transplanting. In another study, 
a bio-artificial pancreas was developed using silk alginate to encapsulate insulin 
secreting cells [73].

3.4.7 Artificial intervertebral disc

A perfect biomaterial for making artificial intervertebral disc must have high 
tensile strength, be biocompatible and be able to simulate the natural extracellular 
matrix [111]. A study by Park et al. [112] reports a biphasic hybrid scaffold that was 
developed from a blend of silk fibroin and hyaluronic acid to simulate the compo-
nents of an intervertebral disc (nucleus pulposus (NP)) and an annulus fibrosus 
(AF)). In a related study, Du et al. [113] fabricated a 3-D biphasic silk fibroin 
scaffold to mimic the AF phase and phase separation technique for the NP phase. 
Moreover, Bhunia et al. [114] developed a bio-artificial AF construct with direc-
tional freezing technique involving concentric rings of lamellar silk scaffolds. The 
study further reports the proliferation of primary porcine AF cells using a mulberry 
and a non-mulberry silk combination which helped in cellular maturation, align-
ment and extracellular matrix deposition.
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3.5 Silk in sutures

Sutures are an important material in surgical operations for primary wound 
closure. For this reason, various materials have been used in making sutures. These 
materials can be classified as either organic or synthetic according to their origin, 
or absorbable and non-absorbable according to their durability in the body [115]. 
Important properties for a good suture include: high tensile strength, elasticity, 
wound safety, knot safety and tissue reactivity [116, 117].

Silk, a natural non-absorbable suture material has been in use as a suture for sev-
eral decades. However, other degradable synthetic sutures have dominated the market 
in the recent past. Nonetheless, silk suture is still preferred in cardiovascular, ocular 
and neural surgery because of its superior properties like good knot strength, ease of 
processing, minimum propensity to tear through tissue and biocompatibility [117].

Various modifications have been done on silk to improve its weak characteristics 
such as adding poly vinyl alcohol into silk fibroin to improve the tensile strength, elon-
gation at break and the knot strength [118]. Bloch & Messores [119], reported coating 
silk filaments with fibroin and bounding them together to reduce the capillarity of silk 
sutures. Viju & Thilagavathi [120] coated silk-braided sutures with chitosan to improve 
the antimicrobial activity, tenacity and knot strength. Sudh et al. [121] developed a drug 
loaded antimicrobial silk suture for use in wound closure and wound healing meant to 
prevent surgical site infections. Choudhury et al. [122] developed a low-temperature O2 
plasma-treated (Antheraea assama) silk fibroin (AASF) yarn impregnated with amoxi-
cillin trihydrate. This was aimed at producing a controlled antibiotic-releasing suture 
(AASF/O2/AMOX) to prevent site bacterial infection and fasten wound healing. This 
shows the potential of silk in developing suture with special properties.

Type of Drug Delivery 
System/material

Associated active 
ingredient

Key results

Silk sponges Erythromycin Sustained drug release and prolonged 
antimicrobial activity against Staphilococcus 
Aureus

Silk films Horseradish peroxidase 
(HRP)

Enhanced stability

Glucose oxidase (GOx) Increased enzymatic activity

FITC-dextran Controlled drug release

Epirubicin Controlled drug release

Silk lyogels Hydrocortisone IgG Enhanced efficacy Enhanced stability and 
sustained release

Insertable Silk discs IgG and HIV inhibitor 
5P12-RANTES

Enhanced stability and modified release 
profile

Silk nanoparticles Curcumin Modified release profile and enhanced cellular 
uptake

Silk microspheres Horseradish peroxidase 
(HRP)

Modified the release profile

Silk coated PCL 
microspheres

Vancomycin Modified the release profile

Silk coated liposomes Ibuprofen Enhanced adhesion to human corneal 
epithelial cells, tunable drug release

Emodin Selective targeting of keloid cells

Table 1. 
Silk-based drug delivery systems [100].
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3.6 Silk in drug delivery

Drug delivery through polymeric systems has gained popularity over the years 
[51]. These systems serve as reservoirs to active ingredient in drugs and improve the 
drug’s physicochemical properties [123]. Polymeric drug delivery systems are also 
good in specific targeting, intracellular transport and some are biocompatible which 
help in improving efficiency of the treatment and the life quality of the patients 
[123, 124]. A good drug delivery system should be able to stabilize the active ingre-
dient in drugs, be able to modulate the drug’s release mechanism, be biocompatible 
and biodegradable, as well as minimize any side effects of tissue specific targeting 
of highly toxic drugs [125–127].

Silk fibroin is used in drug delivery systems owing to its properties such as good 
mechanical properties, mild aqueous processing conditions, biocompatibility, bio-
degradability and its ability to enhance the stability of active ingredient in drugs; as 
proteins and small molecules [46, 128]. That notwithstanding, silk fibroin solutions 
can be processed using various techniques to produce different forms of delivery 
systems like scaffolds, films, hydrogels, nanoparticles, microspheres, and microcap-
sules among others [129]. Additionally, silk fibroin has carboxyl and amino groups 
which allow bio-functionalization with different biomolecules for targeted drug 
delivery [130]. Silk based drug delivery systems include hydrogels, micro particles, 
lyophilized sponges, films, nano-fibers and nano-particles.

Formulation Gene Cell line

Recombinant silk–elastin-like polymer 
hydrogels (SELPs)

Ad1–CMV2–LacZ3 Head and neck cancer in mice

pDNA4 
(pRL5-CMV-luc6)

NA

Ad–Luc–HSVtk7 Head and neck cancer in mice

3D porous scaffold Adenovirus Ad-BMP78 Human BMSCs

Bioengineered silk films pDNA (GFP9) Human HEK cells

Spermine modified SF pDNA and 
VEGF165–Ang-110

In vivo-rat

SF-Coated PEI/DNA Complexes pDNA (GFP) HEK 293 and HCT 116 cells

SF layer-by-layer assembled microcapsules pDNA-Cy511 NIH/3 T3 fibroblasts

Bioengineered silk–polylysine–ppTG1 
nanoparticles

pDNA Human HEK and MDA-MB-435 
cells

Magnetic-SF/polyethyleneimine core-shell 
nanoparticles

c-Myc12 antisense 
ODNs13y

MDA-MB-231 cells

1Adenovirus.
2Cytomegalovirus promoter gene.
3Beta galactosidase reporter gene.
4Plasmid DNA.
5Renilla luciferase.
6Luciferase reporter gene.
7Herpes simplex virus thymidine kinase gene.
8Bone morphogenic protein.
9Green fluorescent protein.
10Vascular endothelial growth factor and angiopoietin-1.
11Fluorescent probe.
12MYC Proto-Oncogene.
13Oligodeoxynucleotides [100].

Table 2. 
Silk –based gene delivery systems [100].
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Different researches have reported successful use of silk fibroin in delivery 
systems for different drugs and genes [131–133]. Tables 1 and 2 below presents 
some silk based drug and genes delivery systems.

4. Silk in protective clothing

Protective clothing are defined as textile structure designed to protect the 
human body from external threats such as fire, bullets, heat, cold, mechanical, 
biological, radiological, thermal and chemical hazards. Protective clothing are 
in different forms e.g. masks, gloves, vests, coats, aprons, hats, hoods or totally 
encapsulating chemical protective suits [134]. Some general characteristics of good 
protective clothing include: reliable barrier protection, durability, good fit, flexible, 
light weight, ease of care, maintenance and repair, ease of disposal and recycling.

Because of the interesting characteristics of silk, various research studies have 
examined its use in developing protective textiles. Some of these characteristics 
include hydrophobicity, antimicrobial and antiviral properties [135]. Recently, 
Parlin et al. [135] examined the potential of silk fabrics as a protective barrier for 
personal protective equipment and as a functional material for face coverings 
during the COVID-19 pandemic. Results of this study showed that the use of the 
commercially available 100% silk material can be used in producing protective cov-
erings that can prolong the lifespan of N95 respirators. The study also found 100% 
silk fabrics suitable for developing face coverings for the general public to prevent 
COVID-19 [135]. Additionally, the study suggests that because silk has unique 
properties such as antimicrobial, antiviral, breathability, and slight hydrophobicity; 
prevention of penetration of droplets and antibacterial activity can imply potential 
use in developing respirator inserts [136, 137]. Moreover, other studies had showed 
that silk could be used as an antimicrobial barrier mask, with better filtration when 
multiple layers are used [135]. Besides, silk neither irritates the skin nor increases 
local humidity around the covered face, and prevents accidental stimulation of face 
touching; making it good for prolonged wear [138].

Another study by Zulan et al. [139] reports use of silk/graphene composite to 
make flame retardant protective clothing that can be used by fire fighters. Loh et al. 
[140] reports woven silk fabrics can be used for ballistic protection for aerospace, 
sports, military, marine and automotives. Mongkholrattanasit et al. [141] studied 
the ultraviolet (UV) protection properties of silk fabric dyed with eucalyptus 
leaf extract. Pad-dry and pad-batch techniques together with a metal mordant 
(AlK(SO4)2, CuSO4, and FeSO4) were used to apply a natural dye extracted from 
eucalyptus leaves on silk fabric. Results of his study showed that the UV protection 
factor of the silk fabric increased with an increase in the dye concentration and a 
darker shade gave the best UV-protective silk fabrics. Moreover, a study by Zhou et 
al. [142] also reports silk fabrics treated with red radish extracts provides good UV 
protection and that such fabrics can be used in making umbrellas, shade structures, 
awnings, and baby carrier covers among others.

5. Silk in optics and sensing

Synthetic biomaterials have been widely used in optics and sensing applications. 
For ophthalmic applications, which include lens replacement, retina reconstruction, 
vitreous replacement and ocular surface reconstruction, various materials such 
as poly-methylmethacrylate (PMMA), silicone, acrylics, poly-tetrafluoroethylene 
among others have been extensively used due to the biological inert nature of these 
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materials [143, 144]. With technological advances, regenerative medicine strate-
gies have shifted to relying on the ability of the biomaterial scaffolds in supporting 
human cell adhesion, growth and maintenance of the right cells that encourage 
tissue replacement as well as integration with adjacent tissues [145]. Since most 
synthetic biomaterials lacked the aforementioned abilities, emerging technologies 
attempted the modification of synthetic biomaterial surfaces [146]. However, a 
major limitation of surface modified synthetic materials was that such materials are 
not transparent, especially for applications in tissue grafts which need to be opti-
cally clear and they are not biodegradable [143]. Materials derived from nature have 
therefore become popular because they support cell attachment and proliferation. 
These materials include cross-linked collagen-chitosan hydrogels [147], keratin 
[148], cross-linked collagen gels [149], silk fibroin [150] etc.

Apart from ophthalmic applications, there has been an increased desire for 
real-time diagnostics, sensing and deep tissue light delivery, which has led to 
development of photonic medical devices from materials which are implantable and 
biocompatible. These devices can therefore be used within the body for therapeutics 
and long term health monitoring, where they are integrated into the living tissue in 
the human body [151]. Non-biodegradable inorganic materials such as silicon, gold 
and compound semiconductors have been traditionally used in photonic devices. 
However, their biocompatibility have been found to be dependent on the device 
size, the presence of coatings and mechanical properties [152]. Hydrogel materials 
from poly-vinylalcohol (PVA) and poly-ethylglycol (PEG), which are biocompat-
ible have also been used in tissue engineering applications because of their ability to 
retain water and mimic the human body extracellular matrix [153]. However, they 
have not found extensive application in sensing because of their poor adhesion to 
substrates and poor mechanical properties [154]. Selection of the right material for 
implantable photonic devices requires consideration of biocompatibility properties 
as well as the structural stability, mechanical flexibility and optical clarity [151]; 
requirements that silk fibroin meet. Silk fibroin is thus gaining traction in optical 
interfaces and sensor applications in implantable biomedical fields owing to its 
good mechanical and optical transparency, coupled with its biodegradability and 
biocompatibility [14]. Silk in film form has a free standing structure with thickness 
ranging from 20 to 100 μm. The films are very transparent across the visible region 
of the spectrum and are mechanically robust with smooth surfaces. The films 
can also be patterned during fabrication to form traverse features that are tens of 
nanometers, making them attractive in optical device applications [155].

Substratum for corneal limbal epithelial cells has been developed from silk 
fibroin membranes, by casting dialyzed solutions of silk fibroin protein. The 
transparent silk membrane was found to support growth of human limbal epithelial 
(HLE) cell growth, which did not change even when the silk membranes were cast 
in the presence of fetal bovine serum (FBS) [156]. Such properties are favourable in 
the development of tissue engineered membranes for restoration of damaged ocular 
surfaces. Porous silk films have also been fabricated and shown to have potential 
in use as a carrier of cultivated epithelial sheets during regeneration of corneal 
epithelium [157].

Diffractive optical elements were fabricated by molding silk fibroin solution 
on poly-dimethylsiloxane (PDMS) moulds with ruled and holographic diffrac-
tion grating, producing nano-patterned silk optical elements of thickness ranging 
from 30 to 50 μm and a refractive index of n = 1.55. These nano-patterned silk 
gratings had a diffraction efficiency of 34%, at a wavelength of 633 nm in the first 
order, which compares to that of transmissive glass gratings. This led to successful 
formation of silk micro-lens arrays and silk lenses, which couple light into biologi-
cal substrates [158]. Such silk gratings can also be functionalized, to maintain the 
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biologically active optical elements. Therefore this could allow the use of these 
silk devices in delivering light to biological matrices and concentrate photons with 
doped substrates for biological function probes. In another study, silk diffraction 
gratings with desired patterns were fabricated through photo-induced polymeriza-
tion of silk conjugates and a photo-initiator, producing good diffraction inten-
sity [159].

Silk micro-prism arrays (MPAs) were prepared by micro-molding technique, 
resulting into a silk reflector film of 100 μm in thickness. The MPAs provided con-
trast and optical signal enhancement by retro-reflecting scattered photons through 
layers of tissue when used in vivo on BALB/c mice. The silk MPAs had no adverse 
biological effects, degraded slowly and were integrated into the native tissue. 
Functionalization of silk MPA with doxorubicin (a chemotherapeutic drug), was 
further reported to allow controlled delivery, storage and imaging of therapeutics, 
besides improving noninvasive tissue imaging [160].

Optical waveguides, which have the ability to transport and manipulate light in a 
controlled manner [161], have also been fabricated from silk. Silk fibroin ink, used 
in direct ink writing technique, has enabled creation of silk optical waveguides. 
These have been found to easily guide light of wavelength 633 nm. These wave-
guides were reported to exhibit comparable optical loss measurements to those of 
thin silk films, an indication that they can be applied in fabrication of functional-
ized, biocompatible and biodegradable biophotonic elements [155].

Silk fibroin hydrogels have also found use in surface plasmon resonances (SPR) 
sensors, fabricated by utilizing the principle of metal–insulator–metal (MIM) 
absorber. Inclusion of a thin insulator layer of 20 nm silk fibroin hydrogel between two 
200 nm gold films enables the MIM structure produced to become highly sensitive to 
changes in thickness and refractive index of the insulating layer. Thus, the hydrogel 
properties of the silk spacer, which can accommodate water molecules by up to 60% 
in volume, increases sensitivity to analytes. Sensitivity is dependent on the refractive 
index and swelling ratio of the silk hydrogel. The silk polymer chains can also act as 
fluidic channels that facilitate flow of analytes in water, through a nano-sized layer, 
making silk plasmonic structures suitable for glucose sensor applications [162].

A wearable strain sensor was fabricated by carbonizing pristine silk georgette 
through high temperature treatment, followed by encapsulation in poly-dimethylsilox-
ane (PDMS), an elastic polymer. This has shown promising potential for applications 
in monitoring a wide range of motion based human activities [163]. Silk based wear-
able sensors utilizes the principle of transformation of silk fibroin through thermal 
treatment, into an electrically-conductive graphite nano-carbon [164]. Transparent 
and flexible silk nanofiber-derived carbon membranes have also been fabricated 
for multifunctional electronic skin with human physiological signal monitoring 
capabilities [165, 166]. Silk based self-powered pressure sensor films for use in wear-
able devices have also been fabricated through synthesis of silk and poly-vinylidene 
fluoride-co-trifluoroethylene [167]. In order to provide a strong interface between a 
biological surface and a sensor for epidermal electronics, calcium modified silk fibroin 
has been fabricated and shown to have strong adhesive properties with good stretch-
ability, conductivity and reusability. Therefore calcium modified silk fibroin shows the 
potential to be applied as an adhesive for epidermal biomedical sensors [168].

Another promising application of silk is in the coating of otherwise non bio-
compatible optical fibers for bio-sensing inside the human body. Silica exposed core 
fiber are reported to have been coated with a thin layer of silk and thereafter, doped 
with fluorophore 5,6-carboxynapthofluorescein (CNF). The doped-silk layer was 
found to produce fluorescent signals that are coupled into the core of Silica exposed 
core fiber, allows for remote measurement of pH along the fiber length, when used 
in mice [169].
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6. Conclusion

Silk fiber from different varieties has largely been used beyond the traditional 
textile scope. The widest and earlier use has been noted in biomedical use, espe-
cially as sutures, and protective wear due to the enviable properties highlighted for 
each function. The traditional classification of silk was tagged to luxury. Beyond 
this, research has been expounded on the functionality of silk. The various forms, 
including regeneration into nanofibers, nanofilms and nanomembranes provide 
surfaces for novel functionalization when processed with specific agents. Collagen 
has been reported the most as a functional material added to silk for, especially 
biomedical applications. Optics and sensing, present a unique and promising future 
for functional silk— especially in e-textiles and bio-sensing. However, it is also 
important to underscore that at different stages of regeneration, the silk structure 
seems to get altered; especially the loss of considerable strength resulting from 
altered crystallinity and re-orientation of β-sheets of silk fibroin. Owing to the low 
proportion of silk production on the market compared to cotton, and synthetic 
fibers, it is important to explore the annual global demand of silk in regard to future 
needs for silk in functional textiles. It is also important to explore statistics, on silk 
processed through novel methods like electrospinning, with respect to commercial 
viability. For instance, it is often required to strictly control biomaterial properties 
during processing, owing to the complexity of biomaterial molecules. Of important 
focus is the standardization of process/manufacturing parameters and equipment 
in the attempt to commercialize silk functional products. However, with increas-
ing demand for more environmentally sustainable materials and products, more 
bio-based sectors and economies will emerge; hence, an increased uptake of natural 
biomaterials such as silk, in higher technology application needs.
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Chapter 5

Application Technologies for 
Functional Finishing of Textile 
Materials
Zeynep Omerogullari Basyigit

Abstract

Nowadays, the primary energy resources and existing water reserves in the 
world are gradually decreasing. Because of global warming and high consumption 
of energy and water, researches have focused on new technologies and methods 
which aim of optimum use of resources while applying functionalites to the mate-
rial. When the energy and water consumption of industries is examined, it could 
be obviously determined that the textile industry is seen to be at a substantial level. 
For this reason, in this chapter broad information of application systems including 
conventional and low-liquor application techniques with updated versions which 
show notable improvements in textile industry lately, have been detailed in a way of 
properties, parameters and running mechanisms on textile materials.

Keywords: low-liquor application, energy, water, finishing, application, textile

1. Introduction

Today, consumption of fossil fuels is dramatically increasing along with 
improvements of life such as industrialization processes with the increase of 
the world population. It has long been recognized that this excessive fossil fuel 
consumption not only leads to an increase in the rate of diminishing fossil fuel 
reserves, but it also has a significant adverse impact on the environment, result-
ing in increased health risks and the threat of global climate change [1]. The 
potentially most important environmental problem relating to energy and water 
resources is global climate change (global warming or the greenhouse effect). The 
increasing concentration of greenhouse gases such as carbon dioxide, methane, 
chlorofluorocarbons, halons, nitrous oxide, ozone, and peroxyacetylnitrate in the 
atmosphere is acting to trap heat radiated from Earth’s surface and is raising the 
surface temperature of Earth [2]. This climate change has an increasingly negative 
impact on water resources; causing a serious decrease in available water reserves in 
the world [3]. In order to solve this problem, researchers have been focused on new 
methods for optimum use of resources with new technologies which save energy 
and reduce water consumption.

When the energy consumption in textile enterprises are compared to other 
branches of industry, it can be seen that the textile industry is seen to be at a sub-
stantial level. It could also be note that finishing departments are the most energy 
consuming ones among the other parts of textile manufactories. 45–75% of the energy 
consumed in finishing departments is listed as wet processes, 15–40% for drying and 
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fixing processes, 8–18% for other processes and ventilation. Electricity consumption 
is not much in finishing departments; however, heat energy and water consumption is 
at very high level [4, 5]. For this reason, energy and water-saving technologies play an 
important role in the machines and application methods used in finishing processes.

Although textile finishing processes can be applied in different material forms 
(fiber, tops, yarn, fabric etc.), the most common is fabric finishing. General expecta-
tions for all these finishing are having homogenous effect, non-damaged fibers, 
non-broken fabric, repeatable and economical process, low environmental impact 
and reduced energy and water consumption. Different application techniques are 
used in the studies related to give desired properties to textile materials. Most of these 
application techniques are wet processes. These wet processes include exhaustion, 
impregnation, vacuum application, maximum application techniques as well as spray-
ing, coating, transfer and foam application methods which are among the low-liquor 
application techniques [6]. In addition to these methods, microencapsulation, plasma 
application, sol–gel technology and lamination techniques, which have become 
increasingly important in recent years, are also included in finishing applications.

Nowadays, the methods and techniques used in the textile industry are desired to 
be environmentally-friendly and to save water and energy besides the other require-
ments such as functionality, durability, repeatability and being cost-effective. With 
the increase of diversification of today’s industrial requirements, one functionality 
on the fabric may be insufficient to meet these requirements, therefore, although it 
varies according to area of utilization, being multifunctionality becomes more of an 
issue. In some cases, the fact that the fabric has more than one functionality on the 
whole surface entirely, regardless of front or back sides of the material, causes an 
increase in cost unnecessarily and also prevents showing sufficient efficiency in the 
area of use. For instance; for a sportswear outfit, the interior structure of the fabric is 
desired to be hydrophilic to absorb the sweat and water occurred during movement 
of the body, while the outer structure of the material is expected to water–oil-soil 
repellent. If the water repellency functionality is applied to the entire fabric, water 
repellant chemicals will act functional on the outer side of the fabric while it will 
serve as blocking barriers by preventing the absorption of sweat and water in the 
interior side of the material. This will not only bring on difficulties in use but also 
cause increased unnecessary cost during the finishing process of the material.

Since the conventional padding application methods, which are still in use 
widely today, do not allow the transfer of different chemicals to different sides, both 
sides of the fabric are treated with the same chemical substance and due to unneces-
sary material transfer, both the expected requirements cannot be fully met and 
cause an increase in costs. For this reason, it has emerged that some functionality 
needs to be applied to a single surface of the fabric.

Providing multifunctionality in a single-bath could have disadvantages in many 
respects that all the requested functionalities are mixed with each other in a single 
recipe and in the same bath. The first of these disadvantages is that all basic and 
auxiliary chemicals used in the same bath, belonging to different functionalities, 
may not be compatible with each other. Since the chemical structures of materials 
belonging to different functionalities are different, their mechanism of action is 
also different, and therefore problems may be encountered in providing a homoge-
neous mixture. The second of these disadvantages is that since all the chemicals are 
mixed with each other, the functionalities will be given in a mixed order regardless 
of the back or front face of the fabric, unfavorable functionality may be occurred 
on the undesired side or the requested efficiency is not achieved as expected or no 
functionality is obtained at a sufficient level. Therefore, due to all these problems 
and requirements, achieving multifunctionality by transferring more than one 
functionality to the same and/or different sides of the fabric in an effective and 
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permanent way in accordance with the field of use has become a necessity both in 
industrial and academic terms.

There is a way of combining fabric layers with different functionalities by lami-
nation methods or so, for obtaining multifunctionality, but because of each separate 
layer has own functionality, the endproduct takes up more space in terms of volume 
and increases the cost of the material. For this reason, multifunctionality in single-
layer fabrics should be carried out by considering the requirements of providing 
mobility to the user, being useful and flexible, and saving in material costs.

Due to all the above-mentioned requirements in textile industries; advantages 
and disadvantages of existing conventional methods besides new generation finish-
ing processes which focuses on reducing water and energy consumption mostly, are 
defined in this chapter.

2. Wet finishing processes

Most of the textile finishing application techniques are wet processes. These wet 
processes can be listed as follows: exhausting process, impregnation, coating, trans-
fer, spraying and foam application. It should be noted there is an optimum level of 
liquor application which is just high enough to ensure adequate distribution of the 
chemicals within the fabric. This critical add-on value (CAV) depends on fiber type, 
fabric construction and fabric pretreatment [6–11]. The wet processes have been in 
use for a long time however; they have been updated in many ways nowadays; such 
as using new technologies in impregnation machines with lower wet pick-up ratios, 
providing homogenous application in new version of chemical foam application, 
removing the blockage occurred in nozzles of spraying machines. Minimum appli-
cation methods, which focuses on reducing water and energy consumption, have an 
increased importance recently in finishing processes with a wide range of function-
alities provided such as water–oil-soil repellency, flame retardancy, antibacterial 
efficiency and so many other functionalities due to their significant advantages over 
conventional methods. The application technologies including conventional ones 
and updated low-add-on finishing applications have been detailed in this review.

2.1 Exhausting process

The essence of the application with the exhaustion method is that the product 
to be treated is in wet-process for a long time at the long liquor ratio. The liquor 
ratio in the studies according to the exhaustion method is in the range of 1:2–1:100. 
This method is also called full bath method or discontinue method. The fabric to be 
treated is placed in a bath and allowed to absorb the finishing agent from the bath 
until a chemical-balance is reached between the finishing agent on the fiber and the 
one in the bath. In order to provide sufficient and economical results in this method, 
it is essential that the finishing material used has an affinity towards the textile mate-
rial. In other words, the finishing material dissolved or homogeneously dispersed in 
the bath should have a high desire to be withdrawn from the bath by the fibers.

Dyeing process can be carried out with textile fibers, yarns, fabrics or garments. 
However, there are reasons for dyeing different fiber forms. Fiber dyeing is used as a 
styling technique; natural fibers or staple synthetics are dyed in bundles or baskets. 
Dope or solution dyeing is the process where color is mixed into the polymer solu-
tion prior to fiber extrusion. Certain synthetics fibers such as polyethylene can only 
be colored using this technique. Yarn dyeing which is also a styling technique, is 
used to produce stripes, plaids, and some complex designs with 100% fiber content 
products. Beam dyeing is a technique where multiple yarns are wound side by side 
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onto a single perforated beam. This can be a few hundred or even a few thousand 
yarns wound onto a single beam. Fabric or piece dyeing is the most cost efficient 
and highest productivity technique. Fabric dyeing machines include jet machines, 
dye becks, fabric beam, and jig dyeing machines. All of these machines as well as 
most of the yarn dyeing machines are batch or exhaust machines [12]. Some of the 
machines used in exhaustion method are shown in Figures 1 and 2 [10, 15].

Advantages:

• Processing time, temperature and composition of the liquor (pH of the liquor, 
amount of electrolyte, auxiliary substances) can be adjusted as desired. Thus, 
the application speed (proper application of the dyestuff from the beginning) 
and the application amount (color fixation in dyeing) can be adjusted.

• The process can be easily intervened and additional toning can be made. 
Therefore, it is easier to attach the result than the impregnation method.

• It provides ease of operation as washing, bleaching, dyeing and finishing 
processes are carried out in the same machine.

Disadvantages:

• The most important disadvantage is that the liquor ratio is long, so the con-
sumption of water, finishing chemicals and energy (required for both heating 
and moving the liquor) is so high.

Figure 1. 
Exhausting process machines in textile finishing (a) winch dyeing (b) beam dyeing [13, 14].
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• These are the discontinue methods that have long processing time (usually 
longer than 30 minutes).

• It requires a hand work and long time for operating the machine before 
application [5, 6, 8–10, 15].

Figure 2. 
Exhausting process machines in textile finishing (c) jigger dyeing (d) jet dyeing (e) over-flow dyeing 
machines [13, 14].
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2.2 Impregnation method

The application process, which is done by passing the textile product through 
the liquor in a bath within a short time (t < 30 seconds) and squeezing, is called 
impregnation (padding) method. After the fabric has been padded through the 
liquor and prior to being squeezed through the rollers of the padder, the liquor is 
distributed as follows: within the fibers; in the capillary regions-between the fibers; 
in the spaces between the yams; on the fabric surface [11, 15]. Two characteristics 
stand out in this method: short liquor ratio and short processing time. In impregna-
tion method, it is important to not to use finishing chemicals that have affinities 
to the textile materials, or it should be at a very low level. As this is a continuous 
method, the concentration of the liquor absorbed by the product at the beginning 
should be same in the bath and at the end of the process. However, if finishing 
materials with high substantivity are used, the process results in with a tailing effect 
(when dyeing is done by padding method, gradual color change occurs along the 
fabric length because of the decrease in the concentration within time) [6, 9, 15]. 
Since most of the materials used in textile pretreatment do not show much substan-
tivity towards fibers, unlike those used in dyeing, the most used application tech-
nique in these processes is impregnation. The types of impregnation machines work 
due to padding mechanism are shown in Figure 3. This method has also some disad-
vantages varied according to the types of the system, such as high concentration of 
finishing chemicals and long-time processing in pad-batch, tailing effect in pad-roll 
dyeing which is also labor intensive process, high energy consumption in pad-steam 
and necessity of an extra machine in pad-jig method which results in over costing 
investment. It should be also noted that high wet-pick-up ratios associated with the 
padding system are disadvantageous, not only because of the high thermal-drying 
and water consumption costs, but also because, during the evaporation of the liquor 
in thermal drying, the molecules of the applied substances tend to migrate from the 
inside to the outside of the fabric, leaving behind an uneven chemical distribution 
which leads to a decreased fabric durability of the functionality [5, 7, 15].

This method is divided into two as dry to wet impregnation and wet to wet 
impregnation. Since it is easier for a dry textile product to be absorbed in a bath 
containing finishing material (because the capillarity of the fibers is high due to its 
absorption ability), the dry-to-wet impregnation method works in shorter periods 
than wet-to-wet impregnation method. However; if a second wet finishing process 
is to be carried out after a wet finishing process, when the drying step is considered 
to be a very expensive intermediate process, the advantage of removing this part 
and saving energy indirectly will be achieved. Moreover, the risk of migration of 
the finishing chemicals which occur in drying process before the dyestuff/finishing 
agents are fixed on the fibers, could be prevented by removing this interim drying 
process in wet to wet impregnation [5, 15].

2.3 Transfer method

In this minimum (low wet-pick-up) application method made in special foulard, 
the fabric itself is not dipped into the bath. The liquor containing the finishing 
agent is taken by a rolling roller and transferred to the back surface of the fabric. 
That’s why we could see this type of finishing systems under the name of “Lick/Kiss 
Roll Applicators” [19]. Transferring is an application method that can be applied 
with high viscosity finishing liquors. Excess liquor on the transfer roller or fabric is 
scraped off with the help of doctor blades. The Figure 4 shows 4 different transfer 
systems, which differ in terms of the number of rollers, the location of the paddle 
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and measurement techniques [6, 7, 9, 11, 15, 19]. The schematic representation of 
Triatex MA machine which uses on-line monitoring to control the wet pick-up 
values, has been shown in Figure 4d. The kiss roll rotational speed is automatically 
adjusted (with the help of β-rays measured by detectors) [15] relative to the fabric 
speed to maintain the desired wet pickup.

Figure 3. 
Impregnation machines (a) pad-dry-cure (b) pad-steam (c) pad-batch (d) pad-jig (e) pad-roll [16–18].
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The amount of finishing agent transferred to the textile product is determined 
by following parameters; the structure of the transfer roller, condition of doctor 
blade and other rollers, viscosity of the liquid, the passing speed of the fabric and 
the rotation speed of the transfer roller. There are two big benefits of working with 
less liquor; firstly, energy savings as less water will need to be removed during 
subsequent drying and secondly, reduction of the risk of migration of dyestuffs 
or finishing substances that have not yet been fixed during drying. However; this 
method has also some disadvantages.

• The main problem in the operations of this method is the inconsistency of the 
formation of a smooth liquor on the transfer roller. This homogenous forma-
tion is not only dependent on the structure of the roller surface, but it’s also 
closely related to the composition of the liquor.

• The second problem is the disability to ensure that the same amount of liquor 
continuously applied to the textile material [11, 15, 19].

2.4 Spraying method

Spraying method in finishing process has been known and applied on textiles 
for a long time however; it has not been improved much for many years because of 
some difficulties in conventional (nozzle) spraying machines mentioned below:

Figure 4. 
Different types of transfer (with lick/kiss roll applicators) finishing methods (a) and (b) two-roller with 
doctor blade type (c) three-roller transfer type (d) Triatex MA [15, 19].
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• It is difficult to apply the same amount of liquor all over the fabric 
continuously,

• Nozzles are frequently clogged, especially when working with viscous 
chemicals.

• A part of liquor sprayed in very fine particles is placed on other parts of the 
machine instead of the fabric, causes excessive pollution and unnecessary 
chemical loss.

Especially after the oil crisis in 1974, the spraying method has become updated 
with the increase in the importance of the application processes which has low 
wet-pick-up values. To overcome the difficulties in conventional spraying methods, 
indirect spray applications have been demonstrated by the Farmer Norton and 
Weko applicators. In these systems, the spray is generated by pumping the finishing 
solution by a proportioning pump from a well onto the center of a rapidly rotating 
set of spinning discs (Farmer Norton) or rotors (Weko) [7, 15, 19, 20]. In addition 
to have the main advantages of being in the minimum application system, spray-
ing technology has some other advantages such as; being suitable for wet-to-wet 
applications, no tailing effect even if the chemicals have the affinity, ability to be 
applied on one or two sides of the fabric upon request [15, 20]. Weko Fluid applica-
tion system has been shown in Figure 5.

2.5 Coating method

Finishing liquors with high viscosity can be applied directly to one side of 
the fabric. As a result of such application, a large amount of finishing material 
can be transferred to the surface of the material and this process is also called 
“coating”, since the finishing agent mostly covers the surface of the material. The 
coating method is frequently used especially for producing artificial leather and 
waterproof finishing process. Multi-layered functional materials can be produced 

Figure 5. 
WEKO-fluid application system [20].
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with different coating methods including direct (directly coating on to the fabric) 
and indirect (using for exp. silicone paper during coating) system [15, 21–23]. 
In Figure 6 illustrations of direct and indirect coating systems have been shown 
[23]. The basic mechanism of a direct coating method is spreading polymer on the 
textile material, in the form of thick liquid (viscous) or paste using a special knife 
called doctor blade [21]. The smoothness and the thickness of the applied layer are 
adjusted with the help of doctor blades.

In “blade on air” coating system, the fabric passing under the blade does not 
lean anywhere. Therefore, it is not possible to make thick and very smooth coatings 
with this type of coating. It is preferred for light coatings of loose woven fabrics. 
However; the coating material that passes to the other side of the fabric due to the 
loose texture, it contaminates the rubber band or roller under the blade and causes 
uneven coating. In “blade over the roller” system, the fabric that passes under the 
doctor blade is based on a rotating rubber or steel cylinder. The thickness of the 
layer applied in the coatings can be adjusted precisely. But on the other hand, since 
the cylinder cannot stretch; dust or fly can be trapped under the blade, causing 
soiling and forming drag lines [21].

There are some other coating processes used in the film and paper industries 
which require expensive equipment and which must be carried out on a large scale 

Figure 6. 
(a) Direct coating system (three-roll coatings: Nip feed coating) (b) indirect coating system (transfer 
coating) [23].
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to be commercially viable. Among these are powder coating, vacuum deposition, 
electrostatic deposition and sputtering techniques. It is possible, for example, to 
produce highly reflective surfaces by these methods, but a smooth continuous 
surface is required and fabrics may not be suitable [21, 22].

2.6 Foam application method

The most important and interesting development in the application of finishing 
agents to textile products in the mid-1970s is undoubtedly the application methods 
with foam. Machines that enable working with foams instead of aqueous solu-
tions have been put on the market because of increased energy costs in the textile 
industries. However, the application studies with foam, which developed very 
rapidly in the beginning, have entered a pause and had no significant improvement 
until 2010 [24].

Foam is a microheterogeneous colloidal mixture, short or long-lasting a meta-
stable system in which the surface area is increased nearly 1000 times by inflating a 
liquid with a suitable gas (air), and therefore contains less liquid. Foam is obtained 
by dispersing the air in water as fine particles with the help of surfactants. If a sur-
factant is dissolved in aqueous solution and air bubbles are present in this solution, 
then a surfactant film covers the air bubbles. Air bubbles move towards the upper 
surface of the liquid which covered with a tenside film. Thereby, a second tenside 
film is formed around the upward air bubbles (Figure 7) In this way, the air bubble 
in which the liquid is located between the two tenside films surrounding, called a 
“foam cell” [7, 15, 24, 25].

There are many types of foam application such as; open foam method 
(Horizontal pad foam, Knife-roll-over foam, Autofoam systems), offset open foam 
methods (Küsters Janus contact roller system and Monforts vacuum drum system), 
closed foam methods (FFT Foam Finishing Technology-Gaston County Dyeing 
Machine, CFS Chemical Foam System-Gaston System, Stork rotary screen foam 
applicator and Stork CFT Coating and Finishing Technology) have been shown in 
Figures 8–10 [24, 29, 30]. As seen in the figures, there have been much improve-
ment in the profiles of foam applicators in time in order to prevent the problems 
such as non-uniform and uneven applications during processes. The case in point 
can be the improvement of CFS parabolic profile which has been developed to 
solve “dead foam” issue occurred in FFT. With the help of parabolic chamber, equal 
distance paths are covered from the point of foam inlet to the fabric surface so that 
the problem of wet and unfoamed parts occurred partly in FFT foamed fabrics have 
been solved [24, 29].

Figure 7. 
Formation of a foam cell.
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For an effective foam application process, the followings should be taken into 
consideration:

• The foam should not be collapsed during the time between it is taken from the 
foam generator and transferred to the fabric.

• On the other hand, when the foam reaches out the textile product, it should 
collapse into the fabric as quickly as possible. Foam stability constitutes an 
important place in foam applications. Very stable foams play role in decreasing 
the penetration efficiency into the fabric whereas unstable foams cause uneven 
applications because of collapsing before the application. Therefore, foam cell 
should be in semi-stable form.

• The foam and the tenside used in the application must have good compatibility 
with other chemical substances in the bath.

• The foam to be used in a finishing process should always has the same form 
and the same concentration.

• Another important point in foam application is that the foams should not have 
much water. If the foam that does not contain much water, it is transferred 
directly onto the fabric surface moving perpendicularly without spreading 
around the fabric surface. On the other hand, when the conventional finishing 
liquors first penetrated to the fabric, they spread parallel to the fabric surface 
by capillarity effect. For this reason, in conventional finishing applications 
such as in padding methods non-functional caked chemical residuals remained 
at the fibers intersections cause uneven application and nonhomogeneous 
penetration [15, 27].

Figure 8. 
Types of foam application (a) horizontal pad foam (b) knife-roll-over foam [24, 26–28].
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2.6.1 Advantages of foam application

Foam finishing is a versatile application system which could be very effective 
for bleaching, dyeing and varied finishing processes. It can be also used to apply 
different applications to the face and back side of the fabric in a single pass with 

Figure 9. 
Types of foam application (c) autofoam systems (d) Monforts vacuum drum system (e) Küsters Janus contact 
roller system [24, 26–28].
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dual-applicators. Multifunctional fabrics with increased durability against repeated 
washing and drying processes could be produced. As reported in the literature 
[24] that many combinations of functionalities such as face side flame retardant 
and water repellent whereas antibacterial back side of textile materials could be 
provided via foam finishing application. The most important advantage of this 
system is providing significant decrease in water consumption (up to 80%) due its 
lower wet-pick-up system. For cotton-rich fabrics, the wet pickup in foam finishing 
is typically between 15% and 35%, depending on the process, compared with 60% 

Figure 10. 
Types of foam application (f) foam finishing technology (FFT) (g) chemical foaming system (CFS) 
[24, 26–28].
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to 100% for a conventional pad application [27, 29, 30]. For synthetic fabrics, wet 
pick up ratio of foam application is in the range of 3–10% whereas it is 35–60% in 
conventional padding. Moreover, the energy consumed for heating and venting the 
air is significantly decreased due to lower wet-pick-up values. This reduction in time 
needed for pre-drying step (could be eliminated), also minimizes the migration of 
the chemicals. Since the amount of liquor taken is small in foam finishing, excessive 
swelling of the fibers is not possible. Since the fibers do not swell and the capillary 
channels do not expand too much, the transferred chemical substance is not carried 
to the surface with water during drying and remains where it is transferred. This is 
particularly effective in preventing the reduction of the abrasion resistance in the 
wrinkle recovery finishing. Since migration, that is, the accumulation of the chemi-
cal substance on the surface more than necessary during drying, is effective in the 
decrease in friction resistance. Foam application also potentially results in less waste 
water pollution than with traditional application methods. On the contrary of an 
aqueous pad system, the small liquor volumes required for foam application result 
in less waste during a changeover [15, 24, 27, 29, 31–34].

Updated versions of foam application systems has offered better solutions to the 
basic problems encountered with the other low-add-on systems. The main problem 
of the low-add-on systems is the difficulty of distributing a relatively small quantity 
of liquor uniformly over a large surface of fabric, especially on hydrophilic fibers. 
In the case of low-add-on expression systems, a basic limitation is the inability to 
achieve wet-pick-up levels below the critical application value of the component 
fibers [7]. When compared to conventional methods, foam finishing provides 
homogeneous and effective chemical applications via controlled, uniform and 
repeatable foam formations.

2.6.2 Chemical foaming system (CFS)

If CFS foam machine is examined, it could be clearly seen that uniform and 
homogenous applications are achieved via performing correct systematic on the 
distance between the foam generator and applicator.

As shown in the Figure 11, the foam diameter increases as the foam formed in 
the CFS foam generator is transferred from high pressure to the low pressure on the 
way to the foam applicator. The pressure gradually decreases on the fabric surface 
and the foam penetrates the fabric. The distance between the foam generator and its 
applicator is critical for uniform foam formation.

DG: Initially, the radius of the foam produced in the foam generator.
DA: The radius of the foam being transferred from the foam generator to the 

foam applicator.
DB: The radius of the foam at the foam applicator just before it penetrates to 

the fabric.
WG: Initially, the area covered by the liquid contained in the foam produced in 

the foam generator.
WA: The area covered by the liquid in the foam being transferred from the foam 

generator to the foam applicator.
WB: The area covered by the liquid in the foam just before it penetrates into the 

fabric, at the foam applicator.
Before the transfer process starts, the state between these parameters is 

WG > WA > WB and DG < DA < DB, while these equations are reversed as the 
pressure decreases gradually, and WG < WA < WB and DG > DA > DB becomes. 
Therefore, on the foam applicator, penetration to the fabric takes place evenly with 
maximum radius and minimum liquid area of the foam [27].
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3. Conclusion

Considering the finishing methods used in the textile industry in general, 
conventional impregnation method is commonly used in the industry due to 
the low affinity of the chemicals used in the finishing processes. However, it has 
disadvantages such as high water and energy consumption, inability to apply 
different functionalities to face and back sides of the material and significant waste 
load. Extraction method is not included among the preferred methods because 
the chemicals used have affinity to the fabric, the operation times are long and the 
amount of water consumed is very high due to the long liquor ratio. Apart from 
these methods, transfer and coating methods are also available. Transfer methods 
with various types such as roller transfer or with doctor blades takes place in the 
minimum application methods. Likewise coating methods is in the low-liquor fin-
ishing applications with the types of blade coating, calendar coating, transfer and 
printing technique. However, both transfer and coating methods are not suitable for 
low viscosity chemicals. In coating and transferring methods, the effectivity of the 
application is directly related to the viscosity of the finishing agents, the construc-
tion and surface structure of textile material, production method of the material 
(woven, non-woven or knitted), weight of the textile, speed of the finishing 
method etc. So, it could be noted that they are not very flexible application tech-
niques in a view of finishing agents and textile materials. Even if the direct spraying 
method had some problems in the past such as clogging of nozzles or excessive pol-
lution on the machine, with the use of indirect systems such as discs or rotors, it has 
been much more improved. When the history of the foam application is examined, 
it could be clearly noticed that significant improvements have been carried out by 
time in order to make functional or multifunctional (via using dual-applicators) 

Figure 11. 
Chemical foaming system (CFS) [27].
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textiles via uniform applications (with developed applicator profiles) which 
provides reduction in water and energy consumption. Apart from these, there 
are various lamination techniques that can be used to obtain multifunctionality 
however; since the lamination process is based on the principle of combining fabric 
and polymer layers to form a composite material, any factor that prevents adhesion 
between the structures, low heat resistance of the materials or no resistivity for 
water and moisture can cause problems during applications.

Apart from these methods, there is also environmentally friendly techniques 
such as plasma technology, which is used in the textile industry and academic pilot 
studies, and gives functionality to the fabric with partly ionized gas or monomers 
without using water [35–37]. With this technology many researches have been car-
ried out to provide functional textiles such as antibacterial cotton fabric supported 
by silver nanoparticules [38], water repellent and antimicrobial cotton/polyester 
blend [39], anti-bacterial and anti-static polyester fabric [40]. However, in this 
technology, the vacuum plasma method, which is quite effective, is a discontinuous 
method and could not be industrialized because it allows a very low size in terms 
of fabric length and width. The atmospheric plasma method, which is suitable for 
industrial use as the operating dimensions, is not as effective as vacuum plasma on 
porous textile surfaces. Microencapsulation technique, is also one of the effective 
methods used in textile applications. Microencapsulation technology involves the 
process by which small particles, mostly bioactive, are encapsulated in a wall con-
sisting of a heterogeneous or homologous polymer matrix, which forms a complex 
known as a microcapsule [41, 42]. Microencapsulation helps to improve functional 
textile products such as fabrics with durable fragrances, UV-ray absorbing shirts, 
thermo-regulation vehicle seats, thermo-changeable dyed apparels, vitamin loaded 
fabrics as cosmototextiles or military uniforms with microcapsulated insecticides 
[42]. However, in order to transfer performed microcapsules onto the textile mate-
rial, the capsulation method is continued with a conventional finishing method 
frequently (mostly padding) so that two-step applications are carried out with no 
significant reduction in water and energy consumption. Sol–gel technology, which 
is a method that can obtain macromolecules by taking advantage of the growth 
and development of polymers in a solvent, can also be an effective alternative in 
terms of giving functionality to textile materials. There have been lots of studies 
on sol–gel functionality such as self-cleaning superhydrophobic films [43], flame 
retardant and hydrophobic coatings on cotton fabrics [44], hydrophilic, antistatic 
and antimicrobial cotton and polyester fabrics [45]. However, it should be noted 
that the requirement of using solvents brings environmental threats and applying 
some special polymers increase input costs [46]. Nano-technology seems to be a sig-
nificant alternative for achieving functional and multifunctional textile materials 
[35] however; in some cases, there have been still some issues of industrialization 
of nanoparticles because of producing them only in laboratory scale experiments. 
Studies about using liposomes in dyeing processes [47–49] photocatalytic reac-
tions for bleaching process [50, 51] and layer-by-layer self-assembly technique for 
producing multifunctional multilayers [52, 53] have also been taken place in the 
literature but there has been no scientific clue reported in the literature for industri-
alization of these methods in textile manufactories.
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Chapter 6

Surface Design Technique through 
Tradition Technique
Harozila Ramli and Tajul Shuhaizam Said

Abstract

This aim of this study is to examine the application of tritik technique in creat-
ing exquisite batik pattern design. Essentially, tritik is a technique in batik pattern 
making that is almost similar to the “tie-and-dip” (ikat-dan- celup) technique; how-
ever, the subtle difference between the two techniques lies in the aspect of fabric 
treading, with the former being able to produce elegant and appealing patterns. 
This study used a qualitative approach using an observation method in which the 
researchers observed the creation of such art through studio practice. Essentially, 
the examination of the practice of such a technique was carried out based on direct 
observation and unstructured interviews, and the collection of textile products. 
The research findings showed the experimentation of the tritik technique in the 
textile pattern designs was highly effective, as evidenced by the exquisite aesthetical 
effects on the surface of the fabrics, such as the formation of elegant lines consisting 
of dots and of dashed lines and 3-dimensional texture. In addition, the research 
findings revealed that the quality of fabrics, the type of colors, and sewing polarity 
heavily influenced such exquisite tritik pattern design. Collectively, all the above 
elements were intertwined that helped create appealing, beautiful tritik pattern 
design infused with high aesthetical values.

Keywords: tritik technique, Batik, Textile pattern designs

1. Introduction

Textile art in the Malay world, especially in Malaysia have been detected since 
the start of the historical development of the culture of the archipelago. Since the 
Sultanate has recorded about how different types of fabric and textiles is taken as 
an omen to the status of goods in individual position in society and benchmark the 
progress of Malay civilization.

According to Raffles in The history of Java [1] has described how different types 
of clothing and fabrics are unique with the technique of patterning the surface of 
the fabric such as tie and tritik, as well as illustrations of batik patterns produced. 
Skeat [2] also describe how the Malays use natural coloring during dyeing silk and 
cotton which are obtained from Singapore.

In a note, Winsteadt [3] Malay Industries Part I, Art and Craft, he also describes 
the surface design techniques on fabric produced by the Malay community at the 
time. Techniques that have been applied are such as coloring, weaving, embroider-
ing, embroidering and knitting techniques for the production of textile patterns 
and ornaments. Obviously tradition surface design of decorative fabric or Malays 
textile surface have long practiced and it has been developed and passed down from 
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generation to generation until now in the development of traditional cultural arts in 
Malaysia.

Essentially, batik making is a method of creating beautiful textile materials 
or cloth involving the use of candles and coloring materials based on natural or 
synthetic colors. In creating batik, candles are the main medium used to create the 
required pattern and, at the same time, serve as the medium to separate the colors. 
To help create artistic batik, several techniques can be used, including tradition 
technique, the use of canting, metal block, wood block, screen, and, lately, dedi-
cated computer software, to create digital batik products.

Tritik technique is one of the traditional decorative techniques that have long 
been practiced by textile craftsmen in Malaysia. The adaptation of this technique 
has become one of the uniqueness of batik design in Malaysia apart from the 
technique of dyeing, canting, and the use of batik blocks and also screen printing as 
well as the use of brush techniques on fabric.

Tritik is indeed not a new discovery in textile history. This technique has existed 
for a long time when society began to explore fabrics and colors in dyes for fabric 
coloring. Instead, there was previously in India called Bandhani and Japan called 
Shibori, in Malaysia and Indonesia called Tritik. In fact, there is a much older tie-
dye motif found in Peru in 500. The designs found include circles and small lines 
with bright colors, such as red, yellow, blue, and green.

But in Japan and China have developed tie-dye techniques since the sixth cen-
tury using silk cloth. Silk fabric is evaluated as a suitable material for a more perfect 
color absorption process. These skills are also likely to have evolved in the Malay 
Archipelago as a result of trading activities involving the exchange of goods in the 
past. Skills staining on fabrics, ornaments and decorations technique is adapted 
according to the nature of Malay culture and become a work of art in the textile 
design community in the archipelago.

Tritik or sasirangan batik is one of the high fashions that help project the unique-
ness and beauty in terms of its creation, such as the type of polarity or motifs 
created with the method of sewing and pull. In the early history of textile, this 
technique was used by the Banjarmasin society in which the early design of tritik 
batik only used simple motifs deemed moderately sufficient to meet the fashion 
needs of the people dwelling in the district of Banjarmasin. However, in tandem 
with the advancement in fashion designs taking place in the world, tritik batik has 
undergone a series of innovative transformations through which the patterns and 
motifs created by such technique have been reshaped and redesigned with diverse 
geometrical and organic patterns that helps project their artistic beauty.

Moreover, the application and combination of colors also play an important role 
in establishing the required motif and pattern on the surface of the batik design. 
Surely, the knowledge and skills in pattern design of fabric surfaces are a critical 
element in designing exquisite motifs on such surfaces [4].

Consistent with the current trend in fashion designs, the new, contemporary 
tritik batik, with its exquisite aesthetical effects visibly appearing on the surface of 
the fabrics, helps make its wearers look elegant and attractive. Despite the unique-
ness in such pattern design, tritik technique has gradually being neglected in today’s 
batik pattern design, which is partly attributed to the complicated process involved 
in making such design.

To help sustain the use of batik in Malaysia as a national attire, the Malaysian 
government had made it compulsory for the public servant to wear batik shirts or 
baju kurung (women Dress). Apparently, the rapid development of fashions has 
been instrumental in influencing the design of fashions throughout the world.

Despite such development, however, some of the traditional designs, such as 
batik blocks, batik drawing, and batik printing, have managed to survive the test of 
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time, with many fashion fans keeping their loyalty with such designs. As such, the 
use of tritik technique can be re-energized to create batik that has a new appealing 
design with high aesthetical and artistic values and exquisite pattern design that 
projects unique beauty. Admittedly, due to the rapid development of the fashion 
world taking place at an unprecedented rate, the tritik technique has started to 
decline in its use in the making of batik textile. Unmitigated, such a decline will see 
such a unique technique becomes obsolete – a thing of the past – in batik-textile 
making. Obviously, more efforts have to be put in place to address this pressing 
predicament by encouraging practitioners to adopt the tritik technique in designing 
intricate batik patterns. Another problem that contributes to the declining use of 
such a technique lies in the lack of proper learning or training in pattern design of 
batik textile, especially with respect to the structure of patterns that needs to be dis-
cerning learned. For example, the knowledge regarding the closely aligned stitches 
to create intricate patterns with amazing characteristics, such as sharp teeth, base, 
dovo, regulon, and gadan, and the application of red, green, and yellow have to be 
mastered by practitioners.

Seen from the socio-cultural viewpoint, such a problem is the manifestation of 
the lack of knowledge among the members of the society, in particular, Art stu-
dents, with respect to the societal impact of the tritik technique, effecting a decline 
in the awareness or appreciation of such a culturally enriched method of producing 
traditional batik. Clearly, to help overcome such a problem, the tritik technique 
needs to be used in the pattern design process to produce elegant and immaculate 
patterns, which are on par with those created by other techniques, such as tie-and-
dip (ikat celup) technique.

Based on a practical studio experimenting with the tritik technique in the mak-
ing pattern - design process of batik motifs on the surface of a fabric. In addition, 
the effect of this technique on the surface of the fabric, also has been examined 
which began from the creation of the Napthol color through the mixing of Diazo 
salt and Remazol coloring dye to the complete tritik process performed on the 
fabric. Through practiced studio process, focusing on the process prior to sewing 
was carried out, the inherent constraints encountered during the process of sewing 
a particular polar of a pattern and the effects of untying knots on the fabric, also 
able to identify the outcome of the pattern design of the tritik technique.

Definitely, the selection of suitable fabrics in creating tritik batik is of para-
mount importance. Obviously, the use of quality fabrics will improve the rate of 
absorption, enabling the coloring materials to penetrate deeply into the fabrics 
to produces stunningly attractive, intricate, and appealing effects of the tritik 
technique. In this regard, the use of suitable fabrics has a profound impact on the 
effectiveness of the tritik technique that helps the Naphthol color to seep deep into 
every fabric of the batik materials. To date, several types of fabrics have been widely 
used with this technique, such as cotton fabric, rayon fabric, and silk fabric, which 
are clothes made from natural sources. Essentially, such fabrics contain natural 
fibers with good “working characteristics”, with which the tritik technique can 
produce amazing effects.

In Malaysia, the majority of people prefer to wear clothes made of cotton. 
Such a preference is not surprising as cotton can easily absorb sweats produced 
by the human body in countries in the tropical region of the world, such as 
Malaysia. In essence, this type of cloths is made from cotton fibers that are used 
to make short, soft, and fluffy fibers In general, these cotton fibers are used as 
the primary material in making shirts, robes, bedspreads, and others. Given their 
delicate characteristics, cotton fabrics are suitable for batik practitioners who 
manually use their hands with some degree of force in making batik materials 
(Figure 1).
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Figure 3. 
Sewing process in a spiral moves according to a prescribed spiral pattern.

Figure 1. 
Cotton fabrics are suitable for batik practitioners.

Figure 2. 
Illustration of sewing or stitching process in a spiral.
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2. The method of stitching

In general, this type of stitching has a number of diverse sewing techniques, but 
to create a pattern on the fabric will entail the needle to move in a spiral. Effectively, 
such a spiral motion of the needle, in which it moves according to a prescribed pat-
tern based generally on a distance of I cm, can help achieve the desired effects.

Furthermore, the threads need to be tightened when the sewing or stitching pro-
cess has completed. Subsequently, colorings will be swiped over the entire surface 
of the fabrics that have been completely sewn (Figures 2 and 3).

3. The tritik cotton-fabric patterns

The followings are some of the patterns of the cotton cloth created by the effects of 
the stitching technique used. Clearly, such forms and shapes of the patterns were the 
results of a sewing or stitching processing a particular direction or polarity, effecting 
the desired effects that helped create such amazing pattern designs (Figure 4).

4. The rayon fabrics

Principally, Rayon is a fabric that can be weaved or merged, depending on its 
diverse use. In fact, the effectiveness of stitching Rayon is relatively higher than 
those of other fabric materials, such as taf cloth of cotton cloth. In the batik-making 
industry, the Rayon fabric is categorized as a semi-soft fabric that most batik 

Figure 4. 
Spiral patterns of the cotton cloth created by the effects of the stitching technique.
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practitioners find easy to manually work on. As such, the use of this fabric should 
be emphasized to achieve the desired effects on such fabric (Figure 5).

5. The method of stitching

The type of sewing or stitching as shown above is based on horizontal sewing 
that cuts the surface of the fabric neatly. Ideally, the distance of the stitched fabric 

Figure 6. 
The process of horizontal sewing performed on a fabric.

Figure 5. 
The rayon fabrics.
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should be in the range between 1 cm and 2 cm. obviously, the direction of sewing 
that is straight and compact will create an amazingly appealing effect. In particular, 
the end of the cloth must be tied to achieve a better effect (Figure 6).

6. The tritik rayon-fabric patterns

As shown in Figure 7, the result of using the tritik technique on the Rayon fab-
rics showed stunning effects, visibly highlighting the effects of colors and stitching 
on such fabric. Evidently, the stitching the fabric horizontally did not in any way 
compromise the quality of the fabric. On the contrary, such a stitching method was 
able to project the undulation of the movement of colors together with the desired 
pattern on the fabric.

7. The type of satin fabrics

As contended by almost all practitioners, the satin fabric is regarded as the most 
elegant fabric compared to other types of fabrics, making it a high-class fashion 
material. This contention is not without reason, as this type of fabric has a surface is 
delicately soft and glossy, the characteristics that create stunning reflections under 
the light. In general, satin cloth consists of silk or Rayon, which makes its surface 
extremely soft. The drawback of this fabric, however, is that it needs constant care, 
given the delicate nature of its material, which is made up of the softest fibers. To 
date, satin fabrics have been widely used in many designer fashions throughout the 
world, notably in developed countries (Figure 8).

Figure 7. 
Tritik technique on the rayon fabrics showed stunning effects, visibly highlighting the effects of colors and 
stitching on rayon fabric.
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8. The method of stitching

The appropriate configurations of such stitching for such fabrics are circular and 
horizontal. In this study, the configuration examined was based on circular sewing 
involving a single direction of movement, of which the closer the distance of the 
stitches the more attractive the effects on the surface of the fabric.

As shown in the Figure 9, spiral stitching based on the close distance among 
the stitches will create stunningly beautiful effects on the fabric. Furthermore, the 
edges of the cloth have to be permanently fastened by pulling the thread forcefully 
to create the desired effects.

9. The tritik satin-fabric patterns

Figure 10 shows the effects of the tritik technique on the surface of the satin fab-
ric. Revealingly, it shows that a well-balanced use of colors can create spectacularly 
attractive and beautiful effects compared to those that use colors that are too bright 
or too dull. Through this practical studio-based study, the researchers examined the 
practice of the tritik technique in the batik-making process involving three types of 
fabrics, namely cotton fabric, rayon fabric, and satin fabric.

Based on the observations, it can be reasonably argued that each type of fabric has 
its own unique and beautiful tritik effects, despite using the same sewing or stitching 
configuration. Surely, such differences in the tritik effects lie in the properties of the 
fabrics, with each having different thickness and structure of fibers, which produce 
the unique texture of the fabrics. Clearly, the different types of fibers make some 
fabrics soft while others coarse, the impact of which will have a profound impact on 
the rate of absorption and the rate of evaporation of liquids that result in different 
effects on the patterns of the fabrics. Given such inherent differences, the selection of 
appropriate fabrics should be treated with caution – in fact, it should be treated as the 
basis – to help create specular and stunning patterns using the tritik technique.

Figure 8. 
Satin fabric.
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Figure 9. 
Spiral stitching based on the close distance among the stitches will create stunningly beautiful effects on the 
fabric. Furthermore, the edges of the cloth have to be permanently fastened by pulling the thread forcefully to 
create the desired effects. The process of spiral stitching performed on a fabric.

Figure 10. 
Tritik technique on the surface of the satin fabric.
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Moreover, the quality of stitching also depends on the sewing configuration 
that can help create beautiful effects by controlling the form or the structure of 
such a pattern. Also observed in this study was that pattern designs in various 
organic forms or shapes seemed to be the dominant pattern in the tritik technique 
to produce patterns with high aesthetical values. In addition, the distance between 
stitches can strongly influence the effects on the patterns made on the fabrics. 
Likewise, the strength of the knots is also important in creating such attractive 
patterns.

Evidently, the closer the stitching on the surface of the fabric, the more stunning 
the patterns will be. Similarly, the tighter the threads are tied, the more spectacular 
the tritik effects will be in producing beautiful, delicate lines of various sizes and 
quality. Undeniably, the tying technique and the stitching configuration play an 
important role in the tritik technique in creating beautiful, unique patterns. In 
terms of the use of coloring materials, the tritik technique heavily relies on relevant 
colors to create the desired tritik patterns on fabrics. In fact, such a technique 
emphasizes well-balanced and judicious use of colors, given that the tritik pattern 
entails the tone of colors that is neither too strong not too weak.

Clearly, a well-balanced use of colors in the tritik technique can produce patterns 
that harmoniously blend the chosen color to produce pleasing effects, highlight-
ing a spectacular contrast of colors that enrich the beauty the batik fabric. In this 
regard, the mixing of Naphthol color and Diazo salt can help produce a color tone 
that represents the color of the earth’s soil. Thus, it cannot be overstated that the 
coloring effect is an important element in designing beautiful, intricate patterns on 
the surface of fabrics, which can be carried out by experimenting with colors and 
sodium silicate. The effect of tritic techniques on fabrics has indirectly created new 

Figure 11. 
Type of fabrics: Cotton. Technique: Dipping Tritik. Medium: Naphthol color. Soaking duration (in sodium): 
6 hours.
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patterns with very unique organic and abstract shapes. The effects of color pat-
terning the shapes on the surface of the fabric is one of the characteristic privileges 
tritik technique that can provide confirmation of the identity of batik fabrics are 
processed. The followings figure showcase the pattern designs of various fabrics 
created by the tritik technique (Figure 11).

10. Tradition technique vs global trending

The experimentation of the tritik technique in designing patterns is a new 
learning process that effectively has helped create a new, diverse technique in batik 
textile industry. Specifically, practitioners can use this unique technique, which is 
slowly being forgotten, to manipulate the method of sewing or stitching threads on 
the surface of fabrics, which, in principle, the experimentation with ways to create 
beautiful pieces of fashions with colorful pattern designs (Figure 12).

As demonstrated, the effects of decorative arrangements created by the tritik 
technique is both refreshingly amazing and attractively mesmerizing, with the 
surface of fabrics infused with design elements and principles that give rise to high 
aesthetical values of the fabric materials. In addition, both the intended effects 
and the unintended effects resulting from the application of colors in the tritik 
technique can help create the desired forms, shapes, lines and spaces on the fabric 
materials. Furthermore, exploring the techniques and integrating the knowledge 
and skills pertaining to synthetic coloring materials can pave a way for the improve-
ment in the learning of pattern designs.

According to a study conducted by Bintan Titisari, Kahfiati Kahdar and Intan 
Rizky Mutiaz in writing an article entitled Development of Dye Sewing Techniques 
(Tritik) with patterns geometris [5] suggests a very significant finding on how the 
application of Dye Sewing techniques (Tritik) can be implied in the fashion world. 
The effect of the use of geometric patterns on political techniques will produce 
motifs with the effects of direction, depth, and movement (optical illusion) by 
using the composition of balance, rhythm and harmony. In addition to the presence 
of effects optical illusions that give the impression of depth, direction and motion, 
they can be used to create dimensions and illusions in fashion products. The effect of 
Sewing Techniques (Tritik) from this traditional heritage can also be adapted using 

Figure 12. 
Type of fabrics: Satin. Technique: Brush-swiping Tritik. Medium: Remazol color. Soaking duration (in 
sodium): No soaking involved.
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the latest technology with the help of computer applications and industrial-scale 
sewing machine technology that can make new contributions in textile technology, 
for example, geometric patterns using vector graphics editor can be used as prelimi-
nary data for development in the CAM (Computer Aided Manufacture) program 
(Figure 13).

The effect of the Sewing Pattern design (Tritik) can also be commercialized in 
the Fashion industry design where the illusion effect of this geometric design gives a 
soft finish to the fabric and further highlights the design to visualize the camouflage 
effect (see Figures 14–17). The result of the tritik technique adapted from this 
traditional technique is an alternative effect that can be designed on the surface of 
batik fabric. Traditional techniques from hand sewing skills can further highlight 
the value of the beauty of decorative patterns on batik fabrics.

On the international scene, batik has already taken its place in the contemporary 
fashion industry. Now the fabric is not only used for traditional clothing, but has 
also found its way to applications such as haute couture as well as being used in 
accessories such as handbags [7]. Many popular figures have walked the red carpet 
proudly wearing batik, from Bill Gates, Nelson Mandela to Barack Obama, and 
from Beyoncé Knowles to Jessica Alba. The international fashion scene has seen 
batik designers introduce batik to the world through the mixing of fabrics with 
modern designs and production methods. For example, Malaysian fashion designer 
Fern Chua presented handmade batik designs to the world stage through the 
British Council’s global campaign. Highlighting the theme of Crafting Futures, the 
campaign also brought together fashion and craft designers from around the world 
to explore and build the future of batik’s potential globally. The works of others 
from the world’s batik designers, and many more have also supported batik on the 
international stage.

Figure 13. 
Type of fabrics: Rayon. Technique: Swiping and dipping Tritik. Medium: Naphthol color. Soaking duration (in 
sodium): No soaking involved. Year 2016.
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These advances have also influenced well -known designers from other 
countries to include batik in their design collections. Notably, Belgian-American 
designer Diane von Furstenberg’s batik dress worn by Duchess of Cambridge Kate 
Middleton; while Angelina Jolie was seen wearing a batik dress by US designer 
Nicole Miller. Other international designers who also feature batik in their collec-
tions include Dries van Noten from Belgium, Ek Throngprassert Thailand, and Milo 

Figure 14. 
Tritik techniques that can be used as an illusion pattern design for the fashion industry. Photo credit to  
Titisari et al. [6]
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Figure 15. 
Fashion design that adapts sewing techniques (tritik) in Malaysia.

Figure 16. 
Fashion design that adapts sewing techniques (tritik) by SEYMOUR. Photo credit to BLOG DESIGN BY 
LABINA @ PLEXICOD.
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Milavica from Italy. In addition, one of the oldest fashion schools in Italy, Koefia, 
not only incorporates batik fashion in its curriculum, but also parades its stylish 
designs on the catwalk. Therefore, the practitioners of batik fashions can capitalize 
on the effects of the tritik technique to help them create spectacularly stunning 
and beautiful pattern designs on the surface of the fabrics of batik textile in global. 
To help realize this aim, it becomes the imperative of the stakeholders and practi-
tioners to rejuvenate such a technique that is capable of creating immaculate and 
unique pattern designs with high aesthetical values.

Figure 17. 
Fashion design that adapts sewing techniques (tritik) by Humbang Shibori x Purana at JFW 2019. Photo credit 
to (Fimela.com/Nurwahyunan).
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Smart Textiles Testing:
A Roadmap to Standardized
Test Methods for Safety and
Quality-Control
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Abstract

Test methods for smart or electronic textiles (e-textiles) are critical to ensure
product safety and industrial quality control. This paper starts with a review of three
key aspects: (i) commercial e-textile products/technologies, (ii) safety and quality
control issues observed or foreseen, and (iii) relevant standards published or in prepa-
ration worldwide. A total of twenty-two standards on smart textiles – by CEN TC 248/
WG 31, IEC TC 124, ASTM D13.50, and AATCC RA111 technical committees –were
identified; they cover five categories of e-textile applications: electrical, thermal,
mechanical, optical, and physical environment. Based on the number of e-textile
products currently commercially available and issues in terms of safety, efficiency,
and durability, there is a critical need for test methods for thermal applications, as
well as to a lesser degree, for energy harvesting and chemical and biological appli-
cations. The results of this study can be used as a roadmap for the development of
new standardized test methods for safety & quality control of smart textiles.

Keywords: smart textiles, wearable electronics, test methods, quality control,
safety, efficiency, durability, electronic textiles (e-textiles)

1. Introduction

The smart/electronic textile market has recently exploded, mostly driven by
personal healthcare. The term “smart textiles” refers to the “smart functionality” of
a product, whereas “electronic textiles” (e-textiles) refer to the “hardware and/or
technology” that is responsible for the smart functionality [1]. The market size of
smart textiles already reached USD 4.72 billion in 2020 with Asia-Pacific countries
leading the chart followed by Americas and Europe [2]. Vista Medical Ltd.
(Canada), Myant (Canada), Interactive Wear (Germany), Schoeller Textiles
(Switzerland), Intelligent Clothing (England), Google (US), International Fashion
Machines (US), Textronics (US), Gentherm Incorporated (US), and Sensoria (US)
are the major key players in the smart textile industry.

The convergence between textile substrates and conformable electronics like
embedded sensors or actuators has given rise to wearable smart/e-textiles. E-textiles
can augment the level of protection, comfort, and physiological performance of
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humans, with applications in many industries, including medicine, protective
clothing, military, and automotive. A few authors have analyzed these current and
potential applications. For instance, Honarvar and Latifi described the components,
structures, and major application areas of smart e-textiles, including ambulatory
measurements for patients with cardiovascular diseases, nonwovens for electro-
magnetic interference (EMC protection) for security, protective GPS-suits for mil-
itary, bleeding sensor threads for surgeons, and flexible electronic keypads for
dialing phone numbers [3]. Ismar et al. explored the use of e-textiles for futuristic
clothes [4]. Dolez et al. analyzed the potential of smart textile technologies for
occupational health and safety (OH&S) [5]. Finally, Stoppa et al. described differ-
ent biomedical smart textile projects conducted within the European Commission’s
6th and 7th framework programs: WEALTHY, MyHeart, BIOTEX, PROTEX,
STELLA, OFSETH, CONTEXT, WearIT, and PLACE-it [6]. This convergence
between clothing and electronics could pose some critical challenges for regulatory
bodies, including US Food and Drug Administration (FDA), Health Canada, and
National Institute for Occupational Safety and Health (NIOSH). Appropriate qual-
ity control methods are a critical tool for them to ensure that e-textiles do not to
endanger users’ health, safety, and privacy among others.

The lack of standardization of e-textiles is also considered one of the primary
restraining factors for industrial growth. Even though the e-textile industries have
generally been keen on designing products with improved safety and performance
features, their efforts may not have met market expectations due to the current lack
of dedicated standardized test methods. The two main disciplines at the root of e-
textiles - textiles and electronics - are so much at odds with each other that dedi-
cated standardization methods for smart/e-textiles are critical. However, progress
in this area is lagging behind in comparison to the rapid pace of technological
innovation. In this chapter, we will highlight critical challenges and provide some
suggestions for the development of standardized test methods for smart/e-textiles.

2. Overview of smart/e-textile products and major barriers
to market entry

As consumer electronics are marching towards the era of the Internet of Things
(IoT), so are smart/e-textiles. Gradually, conformable electronics are embedded
within textiles of various configurations to offer an on-body platform for pervasive
computing, especially for healthcare and OH&S applications. Examples include a
smart trouser for forest workers that can detect the proximity of chain saw and
automatically turn it off [5]; industrial protective gloves that alert users of air
toxicity by changing their color [5]; power vests to prevent unsafe movements of
caregivers while lifting heavy weights [7]; and Myant’s recent VOC (volatile organic
compound) sensing facemasks to detect airborne infectious agents [8]. Also, smart
textiles have been designed for protection against sexual assaults, with the SHE
(Society Harnessing Equipment) anti-rape lingerie that can deliver a 3800 kV shock
[9]. On a lighter note, Microsoft patented a smart cloth that alerts a user of an
incoming text message or daily activity reminders, by generating a mild electric
shock to the body [10].

A survey of technologies, solutions, and products based on smart textiles and
flexible materials was done in 2017 [5]. The different technologies, solutions, and
products in terms of sensors and actuators identified were grouped into seven
categories based on the input signal or stimulus for the sensors and the output signal
for actuators. These categories are thermal, mechanical, chemical/biological, elec-
trical, physical environment, optical, and power. Figure 1 shows the distribution of
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the technologies, solutions, and products based on smart textiles and flexible mate-
rials identified by the researchers in these different categories. In the case of sen-
sors, the dominant category is associated with a mechanical stimulus, with 59% of
the sensors. Electrical sensors account for 23%. In the case of the actuators, thermal,
optical, and power outputs represent each about a quarter of the technologies,
solutions, and products identified.

However, before the mass adoption of smart/e-textile products is possible, some
burning questions need to be addressed: for instance, what is a safe electrical shock,
both for user alert and assailant deterrence? Could a malfunctioning smart garment
prevent activating a safety emergency shut-off system? What about potential pri-
vacy issues associated with the data generated by e-textiles? In an attempt to
standardize their assessment of wearable electronic product performance, a group
of electrical engineers evaluated the safety performance of wearable energy har-
vesters based on the device failures and user-related hazards [11]. However, to date,
no one has provided a response to the questions customers could legitimately ask for
the different applications smart/e-textiles are aiming for.

For instance, according to experts, the lack of standardization and quality con-
trol poses the highest barriers to smart textiles entry into the healthcare market
(Figure 2) [12]. Since wearable electronic components are often worn close to the
body, special attention is required to prevent health hazards. There are also poten-
tial issues of efficiency associated with the interconnections between the different
components. The lack of standardized processes for welding, soldering or glueing
for instance can significantly reduce the performance, durability, esthetic, and

Figure 1.
Distribution of technologies, solutions, and products relevant to smart textiles and flexible materials as a
function of the stimulus for sensors (left) and output signal for actuators (right) [5].

Figure 2.
Barriers to entrance of smart textiles in the healthcare market (based on data from [12]).
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hand-feel of the product. Other barriers include product cost, public awareness,
lack of education and knowledge [12]. Strategic industrial partnerships and
multidisciplinary alliances among key players in textile, electrical, and biomedical
engineering can positively impact the product design and test method development
processes.

3. Review of different issues reported or foreseen

This section will describe different issues, reported or foreseen, associated with
the durability, safety, and efficiency of smart/e-textile products, including health
monitoring apparels, protective clothing, automotive actuator textiles, and textile-
based physiological sensors.

3.1 Durability

Electrical elements embedded into textile structures to produce e-textiles
include electronic circuits, electrodes and printed tracks. They must be extremely
rugged, robust, and durable because of their regular exposure to mechanically
demanding environments [13]. The issues of durability reported with e-textile
products are discussed in the next sections.

3.1.1 During the manufacturing process

A first aspect of durability deals with the e-textile manufacturing process itself.
For instance, conductive yarns embroidered on a textile may be damaged by three
dominant forces: tension, bending, and shearing [14]. In particular, conductive
fibers generally exhibit a low bending radius [15]. However, for flexible display
applications, they would be typically subjected to bending radii lower than 1 mm.
They also have to withstand friction stresses associated with the embroidery opera-
tions. In the case of weaving, fibers must possess the capacity to withstand bending
radii as small as 160 μm and 20% tensile strains.

3.1.2 Effect of biomechanical stresses during wear

An apparel product is subjected to large biomechanical stresses during wear,
including during donning and doffing. For example, a research conducted with
Canadian combat clothing showed that maximum stresses of 2410 and 2900 N/m
occur during squatting across the back seat of trousers and coveralls, respectively
[16]. Other movements like when bending elbows (for sleeves), bending knees
(for trouser legs) or bending over exerted significant stresses on combat clothing of
Canadian Forces. If the smart/e-textile product is not robust enough to withstand
such biomechanical stresses, they will be easily damaged and experience a loss in
functionality like sensing, communication, data-transfer or power supply. Such
problems of loss in functionality could cause safety issues for soldiers or first
responders in the line of action. Using stretchable connection and electrode designs
could allow accommodating body-induced stresses applied on e-textiles. Figure 3
displays examples of strategies to produce stretchable electro-conductive textiles.

Researchers conducted tensile and bending resistance tests to assess the
durability and elastic properties of smart/e-textiles. For example, PEDOT:PSS
((poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate)) dyed cotton and silk
yarns exhibited a tensile strength of 260 and 136 MPa with a conductivity of 12 S/cm
compared to 305 and 157 MPa for the pristine (uncoated) cotton and silk yarns,
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respectively [17]. The conductive polymer coated silk yarns showed a robust elec-
trical performance, displaying a reduction of conductivity of around 50% after
1000 bending cycles. Using a fabric test tester, Qui et al. measured the durability of
a power generating textile fabric [18]; it did not exhibit any measured degradation
after 10000 bending cycles of mechanical stimulation, showing superior durability.
Table 1 displays different test methods used by researchers to assess the durability
of textile resistive heaters (Table 1).

3.1.3 Effect of surface phenomena in service

Besides biomechanical stresses, different surface phenomena such as wear, cor-
rosion, chemical contamination could destroy the transmission functionalities of
smart textile components like optical glass fibers [28]. For instance, Figure 4 illus-
trates the effect of abrasion on a smart/e-textile webbing (white on the left image
(a)) than includes conductive yarns. The multimeter on the right image (b) records
the electrical resistance after successive series of abrasion cycles.

To simulate wear behavior, different mechanical tests can be conducted on
textiles, for example to measure their abrasion resistance [29]; a lower abrasion
resistance would potentially indicate a poor durability of the electrical functionality
for conductive tracks on smart textiles. Recent work on a graphene-coated aramid
fabric reported a resistance of up to 150 abrading cycles before the complete loss of
electrical conductivity [30]. The stability to wear of a power generating textile
fabric was analyzed after prolonged use of up to 15 days [18]. The fabric was
successful at lighting up an array of LEDs under different dynamic conditions:
raising hands, shaking clothes, and human running.

Durability against environmental degradation is another critical factor for smart
textiles. For instance, silver-plated textile electrodes may lose their functionality if
exposed to air for a longer period because metals are prone to atmospheric corro-
sion, including silver [31]. When silver is exposed to atmospheric pollution, the
surface tarnishes due to a reaction between silver and reduced sulfur compounds in
the ambient air [32]. As a result, a dark layer of Ag2S (silver sulphide) is formed
over the silver plating. Sulfur releasing bacteria could also be present in our washing
machines, which may lead to a secondary sulfidation of textile silver electrodes [33].

Figure 3.
Examples of stretchable electro-conductive textiles. (a) Elastic behavior of a conductive yarn (white on the
pictures) under increasing deformation (i) undeformed, (ii) medium deformation, and (iii) high deformation.
The conductivity was maintained even at high deformations. (b) Experimental set-up to measure the electrical
resistance of a knitted electrode under stretch in a mechanical test frame.
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Salt from body sweat during workouts or from seawater in marine applications may
also corrode metallic elements of smart textiles [34].

3.1.4 Thermal resistance

Resistance to heat is a critical factor for electro-thermal e-textiles, for example
heating textiles. The heating components and the material in contact have to be able
to sustain the heat generated with in operation without losing their conductivity,
strength and other performance, and without getting on fire or melting. For

Figure 4.
Abrasion testing on a white webbing with conductive yarns (a). A multimeter measured the change in resistance
after successive series of abrasion cycles (b).

Conductive elements Test condition Form factor Durability
test method

Study

Carbon nanotube (CNT) ink — Printed element Tensile
strength

[19]

Silver filament 80, 100, and 120 °
C in oven for

264 h

Yarn Tensile
strength

Silver yarn 65% RH and
20 °C as per

EN ISO 2062:2009

Plain, rib, and interlock
fabric

Stretchability [20]

Stainless steel yarn — Plain and interlock
fabric

Stretchability [21]

Copper nanowire -polyurethane
film

— Nylon glove with the
printed film

Stretchability [22]

LIG (Laser Induced
Graphene) on polyimide film

— LIG film in contact with
copper tape and Ag-

paint

Bending test [23]

Composite ink (graphene-
tourmaline- polyurethane)

— Printed heater on woven
cotton wrist band

Abrasion
resistance

[24]

CNT-polypyrrole polymer — Polymer coated cotton
yarn

Bending test [25]

Multiwalled CNT — Coated cotton woven
fabric

Bending test [26]

Carbonized modal knit
encapsulated with Ecoflex
silicone rubber

Weft knitted fabric Bending test [27]

Table 1.
Methods used to assess the durability of resistive heating textiles.
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instance, Liu et al. characterized the impact of heat exposure on Ag fabric heaters
[35]. The study reviewed the heating performance of three different knitted fabric
heaters, viz., plain single jersey (PSF), ribbed stitch (RSF), and interlock knit (ILK),
fabricated with silver plating compound yarns (SPCYs) and polyester staple fiber
spun yarns (PSFSYs). After 264 h of prolonged heating of the SPCYs in an oven at
three different temperatures, 80, 100, and 120 °C, the electrical resistance of the
SPCYs were evaluated. The resistance of the heater increased by �17% and � 75%
after the 264 h aging period at 80 and 100 °C, respectively. After 24 h of aging at
120 °C, the resistance exceeded the measuring range of the multimeter. In addition,
the textile structure used may affect the thermal resistance of the system. For
example, it was reported that a fabric woven with Ag-coated nylon and cotton yarn
powered at 15 V exhibited different degradation temperatures depending on the
weave structures: 69.8 °C for plain weave, 80.6 °C for twill weave, and 103.5 °C for
sateen [36].

3.1.5 Resistance to washing

Washability is a massive barrier to successful commercialization and widespread
adoption of e-textiles. It is a critical concern for e-textile users as the washing and
drying processes subject the product to damaging conditions and could eventually
destroy the connectivity between the electronic components or the electronic com-
ponents themselves [37]. Chemical stress (detergent, surfactants), thermal stress
(washing/drying temperature), solvent (water), and mechanical stress (e.g., fric-
tion, abrasion, flexion, hydro-dynamic pressure, garment twist) are the four dom-
inant forces that could damage electronic components during washing cycles. A
protective layer is typically used to protect the smart textile or its electronic com-
ponents from getting damaged or exposed during laundry. Polyurethane (PU) is
largely used as a waterproofing encapsulation layer for e-textiles [38]. It has the
great advantage of being flexible and stretchable and can accommodate the stretch
of the fabric underneath. Polypropylene thin films have also be laminated to pro-
vide protection to metallized polymer films on e-textiles against repetitive washing
and abrasion [39]. However, the encapsulation may not be durable. For example,
the extremity of metal wires encapsulated in an e-textile product could damage the
encapsulation layer due to their intrinsic rigidity and configuration geometry.
Figure 5 shows how the extremity of soldered metal wires pierced through a PU
lamination after repeated washing cycles.

Figure 5.
Soldered wires in a smart/e-textile product piercing through the wash-resistant polyurethane encapsulation
layer.
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Concerns also exist for non-textile rigid elements that are sewn to e-textiles for
instance. The laundering process may damage them if they are fragile. They may
also hit the flexible conductive interconnects when the textile is tumbled during
washing or drying. Figure 6 displays the example of a resistive heating blanket.
The plastic connector between the non-washable electronic modules and the blan-
ket could get damaged when exposed to the mechanical stresses and the elevated
temperatures associated with laundering and tumble drying.

Another issue is associated with the tendency of some textile fibers to absorb
water. As water swells the hydrophilic fibers, it influences their physical properties
[40]. It can also reduce the flexural strength, modulus, strength, hardness, and
fracture toughness at the textile fiber-polymer matrix interface [41]. Even hydro-
phobic fibers can transport moisture by capillary action. The water can reach the
different e-textile components and damage them. Electronic modules and batteries
are the most sensitive to water ingress, which can instantly and permanently dam-
age them [42, 43]. Proper encapsulation is once again the solution when complete
unplugging is not possible [37]. Alternatively, a water-free, air-based laundry
system has been designed for smart garments [44].

Product lifetime is very important for consumers. A typical 100% cotton t-shirt
provides serviceability for at least 20 washes [45]. Hence, the expectation of con-
sumers is no less for smart textiles, especially due to their high price tag. OMsignal
claimed that their smart t-shirt, designed for tracking heart and respiration rate,
could undergo 50 wash cycles [46]. However, the company no longer exists.
Karaguzel et al. designed a silver ink screen-printed nonwoven electro-textile cir-
cuit that could resist up to 25 wash cycles [47]. Cho et al. reported no change in
conductivity of an rGO-coated meta-aramid woven fabrics after ten 6-min washing
cycles at 40 °C using a Laundero-meter [30]. Similarly, intrinsic conductive poly-
mers like PEDOT:PSS were used to exhaust-dye silk yarns and showed no change in
electrical conductivity for up to 4 washing cycles [17]. Laminated and metallized
textile yarn electrodes sustained successfully 20 domestic washing cycles according
to EN ISO 6330 [39].

Researchers also used prolong washing to demonstrate the stability-to-launder-
ing of smart textiles. Qui et al. observed a constant electrical output (voltage:
�110 V, current: 2 μA) for their piezoelectric energy harvesting fabric based on
biomechanical body movements after up to 2 h of continuous washing [18]; only a
minor degradation in the output (voltage: �106 V, current: 1.9 μA) was recorded
after 12 h of prolonged washing. The impact of powder detergent (containing

Figure 6.
Resistive heating blanket: (a) electronic control module with wiring for power supply; (b) connection between
electronic module and the blanket (identified with the red box). The rigid connector is sewn to the blanket with
a single row of stitches (shown in the inset).
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conventional chlorine-based bleaching agents), liquid detergent, and sodium
percarbonate (an unconventional stain remover based on oxygen bleach) was com-
pared when testing the resistance of Ag-plated nylon electrodes to 30 washing
cycles [42]. Detergents with bleaching agents were reported to be more damaging
to the Ag-electrodes, as the bleaching agents oxidize the Ag layer, making the
conductive layer vulnerable to mechanical rubs and progressive wash cycles. The
researchers recommended using liquid detergents, free of any form of bleaching
agents, for e-textiles. Recently, researchers from the University of Toronto and the
University of Waterloo developed two different electrocardiogram (ECG) elec-
trodes made of silver-coated and carbon-suffused nylon yarns [48]. Although
silver-coated ECG electrodes resisted well up to 35 washes, the carbon yarns yielded
a longer lifespan and maintained a reasonable signal quality for the ECG biosignals.

3.2 Safety

Safety is the biggest concern for e-textile users because of the fear of electric
shocks from embedded electronics. Even though the embedded electronics are
responsible for the smart behavior of e-textiles, the safety of the product should not
be compromised by the presence of electronic components.

3.2.1 Electric shocks and shorts

Embedded electronics in e-textiles may suffer from short-circuits or mechanical
failures, e.g. due to body sweat or ambient moisture, similarly to what is observed
for electronic devices in marine environments [49]. Such malfunctioning can cause
serious health hazards or fire accidents. For instance, a recall was issue for the
Omni-Heat electric jackets of the company Columbia [50]. A manufacturing defect
was detected in the heating component of the wrist cuff, which could create an
electric short and lead to burn injuries. The electrical insulation of conductive
components can be achieved by surrounding the conductive components with an
electrically insulating layer, for instance through core spinning, using a tubular
intarsia knitting, or by encapsulation in a water-resistant polymer for instance [51].

3.2.2 Exposure to high temperatures

Burns due to exposure to high temperatures is a serious safety concern for users
of heating textiles. Skin temperature is around 34-35 °C although it differs slightly
between different regions of the human body while the core temperature of the
human body is maintained at around 37 °C [52, 53]. Figure 7 illustrates the effect of
exposure of the human skin to different temperatures [54–56]. While the burning
pain threshold is at 43 °C, extended exposure of the skin to 45 °C can lead to 2nd
and 3rd degree burns. Temperature overshooting or the malfunctioning of heating
textiles could cause severe burn injuries, in particular for people with impaired
sensations. For instance, a 26-year-old male patient with paraplegia suffered from a
hip burn due to a heated car seat while driving a 2004 Jeep Cherokee for 30 minutes
[57]. While the patient was unaware that the car seat was preprogrammed to a high
setting (�41 °C), it was later revealed that the seat heater malfunctioned and
exceeded 41 °C.

Similar unfortunate cases include a 42-year-old post-traumatic paraplegic
patient in Germany who required several reconstructive surgeries as a result of
burns caused by a heated car seat [58], a 54 old paraplegic patient driving a 1999
Chrysler Town& Country minivan who suffered from blisters in the rear and upper
thigh [59], and a 50-year-old diabetic and paraplegic woman who suffered from a
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partial-thickness burn on her medial buttocks [60]. Canada has cold winters and
people use heated car seats during the winter; however, most of the heated seats do
not display the temperature reached during operation. Figure 8 displays the exam-
ple of a North American 2020 full-sized sedan car with its heated car seats and
different levels of heat settings; no indication of the actual temperature reached by
the heated seats is available. As shown in Figure 7, an overheating at 50 °C may
cause a 2nd or 3rd degree burn within 4 minutes. Beside medical patients, a tem-
perature overshoot may also increase the risk of fire in the case of apparel articles
with poor fire retardancy.

Similar smart heating technologies are also used by diabetic patients. Diabetic
patients often suffer from nerve damages, termed as neuropathy, which involves
sensory or motor impairment of small and large fibers of the body muscles [61]. The
weakness of feet nerves is the most common type of diabetic neuropathy affects.
Foot ulcers, sharp or burning pains in feet, and numbness of toes are other neurop-
athy symptoms [62]. To keep neuropathic pain under a manageable level, patients
often undertake different physical therapies, including heat therapies by heating
pads (Figure 9a) [63]. Since diabetic patients may suffer localized feet numbness
and these heating pads are in direct contact with the skin, any temperature over-
shoot may cause serious skin burn injuries. Unfortunately, different heating textiles
like heating blankets, mattress pads or throws (Figure 9b) are sold to consumers
without proper instructions or clear indications. For instance, the heat regulator
does not indicate the level of temperature it generates for its different heat settings
(high, medium, low) (Figures 9c). Such an approach could harm sensitive skins as

Figure 8.
A full-sized sedan with its heated seat (a) and dashboard control modules with set temperatures (b). The car
seat heat indicator is in tally marks (with no reference of actual temperature) (c).

Figure 7.
Resistance of the human skin layers to low and elevated temperatures. Data retrieved from [54–56] (artwork
by author).
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the heat tolerance level differs from person to person and patients with diabetes
or paraplegia suffer from reduced or impaired sensitive body organs. Operation
manuals also miss indications about the temperatures at the different heat settings
and warnings about the dangers of prolonged heating times.

In addition, the accumulation of heat over time could also make the users of
different electronic wearables feel uncomfortable [64]. Such issue is particularly
critical in the case of joule heating textiles where it could lead to burns for the user
or instance of fires. Due to the accumulation of heat in the textile over the succes-
sive heating/cooling cycles for instance, the temperature may keep on increasing
even if the power input remains constant – a phenomenon which was marked in
smart nylon gloves embedded with a polyurethane-copper nanowire (PU-CuNW)
resistive heating element [22]. Kim et al. reported a temperature increase of 5 °C,
from 85 °C to 90 °C, during a 10 h prolong heating period of the smart nylon gloves
[22]. This temperature increase over time could potentially be associated with the
�7% increase they observed in the resistance of the conductive element of the PU-
CuNW-nylon glove after the 10 h heating period. Thermal inertia may also lead to
issues of overheating as the temperature experienced may exceed the set value,
which can be associated with a phenomenon of overshooting.

3.2.3 Battery ignition and fire hazards

Recently, the US Homeland Defense and Security Information Analysis Center
described the need for integrating multiple energy harvesting textiles on US mili-
tary protective clothing [65]. Indeed, most wearable electronic systems need to be
powered to be able to function. Strategies for textile-based energy harvesting are
generally based on triboelectric (based on the friction between pieces of garments
during body motion) [66], piezoelectric (from deformation during body motion
[67], thermoelectric (using body heat) [68], and photovoltaic (from solar energy)
power generation [69]. Recent scientific works also showed the potential of pro-
ducing biochemical energy from body sweat using textile-based biofuel cell systems
[70]. An overview of different energy harvesting textile platforms is illustrated in
Figure 10 for an application for dismounted soldiers.

In addition to energy harvesting, on-body batteries or supercapacitors are
needed to store the energy from these energy harvesting fabrics and/or provide
some power supply autonomy to the wearable clothing system [71]. However, these
integrated batteries could suffer from battery ignition. One such incident was

Figure 9.
Examples of heating textile products. (a) a heating pad; (b) a 120 V (A.C.)/60 Hz/ 115 W electronic heating
throw made of 100% polyester fiber; (c) heating control module without numerical indication of temperature
levels for the three different heat settings (high, medium, low).
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reported by the Department of Police in Arkansas (USA); a smart jacket caught on
fire due to the ignition of its built-in battery [72]. Another example concerns the
Omni-Heat electric jacket models of the company Columbia [50]. A recall resulted
from defective batteries that could overheat and ignite the jacket. Similar incidents
could have dramatic consequences, in particular in the military where an increasing
number of e-textile systems are being encountered. For instance, in the US, the
Future Force Warrior, Scorpion, and Land Warrior programs take advantage of
copper and tinsel wire-based textile USB, radiating conductor, and electro-textile
cables among others for improved flexibility and real-time information technology
in military protective clothing systems [73].

3.2.4 Unstable connectivity

The reliance on smart textiles in case of emergencies is a growing trend for the
biomedical, OH&S, and transportation industries. Any inconsistency or flaw in the
interconnecting conductive tracks may render the emergency smart textiles dys-
functional, with potential dramatic consequences. Moreover, if the textile antennas
or wireless communication system suffer any disruption in the communication
protocol, it will make the user vulnerable to life-threatening situations. For exam-
ple, Smart Enjoy Interact Light (SEIL) backpacks are manufactured for cyclists to
avoid traffic accidents by displaying built-in LED lights or by expressing images in
real-time [74]. The bag allows the user to show traffic signals like left/right, stop
and emergency signs using a wireless controller. Any flaw in the conductive tracks
or quality issues with PCBs (printed circuit boards) may disrupt the direct signal
transduction, thereby putting the cyclists in danger. Other examples of smart tex-
tiles employed for health monitoring and disease prevention by early detection
include the Vivago WristCare to monitor and transmit data on a person’s health
condition 24 hours a day – with benefits beyond the traditional push-button alarm;
MARSIAN smart gloves to monitor and wirelessly transmit ANS (nonconscious)
activities and real-time physiological (skin microcirculation, respiration rate, etc.)
data; SenseWear body armband for measuring physiological parameters (motion,
temperature, skin electrical conductance); VTAM biomedical t-shirt for
teleassistance in medicine to monitor shock, fall, respiration, temperature, and

Figure 10.
An overview of energy harvesting systems for autonomous and self-charging protective military clothing with a
simplified block diagram for wireless communication platform.
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location; and Vivometric’s LifeShirt for ambulatory and plethysmographic respira-
tion monitoring [75].

3.3 Efficiency

Thus far, the current chapter has discussed several aspects associated with the
durability and safety of smart/e-textiles. Efficiency covers aspects such as the actu-
ating performance against applied stimulus level or the quality of the biosignal
detection in physiological applications. These aspects are also critical for the satis-
faction of the smart/e-textile user.

3.3.1 Response time

Response time can be defined as the delay between the input, i.e., the activation
by the stimulus, and the output of the smart/e-textiles. In the case of joule heating
textiles, the response time can be determined from the time–temperature curves.
Researchers have used different parameters to characterize the response time of
heating textiles. For instance, R90 refers to the time required to reach 90% of the
steady state temperature [24]. Xiao et al. reported a decrease in the R90 of a heating
e-textile based on a carbon black nanoparticle-PU (polyurethane) composite film as
the applied voltage was increased [76]. Another parameter used by researchers is
the heat time constant (HTIME) [25]. This is also known as response time constant
(τ) [77]. The parameter τ characterizes the system’s inertia [77]. It is defined as the
time required to reach 63.2% of the maximum value, in this case the maximum
temperature, according to the following equation (see Eq. (1)):

1� e�1 ¼ 1� 0:3679 ¼ 0:632 or 63:2% (1)

One solution developed by researchers to improve the reaction/response time of
the carbon-based conductive materials is to take advantage of different metal fillers.
For example, Ag nanowires were added to graphene oxide to prevent lattice defects
during the reduction to rGO [78].

3.3.2 Power efficiency

As many smart/e-textiles require power to operate, power efficiency is critical to
maximize the wearability of the device. For joule heating textiles, researchers gen-
erally express the maximum temperature reached as a function of the applied power
density to characterize the heating performance of the heating system, for example
flexible graphene heaters for wearable electronics [79]. Work on thermoregulatory
devices for cooling and heating applications, stretchable knit heating cotton gloves,
and stretchable smart textile heaters based on copper nanowires have relied on heat
flux density measurements to quantify the resistive heating performance [22, 24,
25, 80]. However, power efficiency is still a weakness for products currently on the
market [5].

3.3.3 Uniformity of actuation

The uniformity of actuation is a critical parameter when considering heating
textiles. For example, Hao et al. characterized the uniformity of the heating perfor-
mance of a cotton woven fabric spray-coated with a graphene nanosheet conductive
mixture by showing the temperature distribution from four different perspectives:
(a) in the horizontal direction over a span of 4 cm (the length of the heater), (b) in
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the vertical direction over a span of 2 cm (the width of the heater), (c) observed
from the top (sprayed face of the fabric), and (d) the bottom (non-sprayed face)
[24]. They also compared the heat distribution in the flat and bent (180o) condi-
tions. The 2D plane surface temperature distribution was uniform in both the
horizontal and vertical directions during the 10–60s heating phase, which con-
firmed the uniform distribution of the conductive coating. However, a small tem-
perature gradient was observed in the periphery of the heating fabric; the authors
attributed it to heat loss by convection. The comparison between the sprayed and
non-sprayed faces of the fabric showed a 3.5 °C difference, with the sprayed face
exhibiting a temperature of 83.8 °C. No significant effect was noticed in the heat
distribution when the flexible heater was bent by 180o. As another example of
temperature distribution inhomogeneity, Figure 11 displays the temperature mea-
surement of two different heating fabrics: (i) a nonwoven heater (R1) and (ii) a
fabric with heating wires (R2). Different patterns of spatial heat distribution are
observed with both types of heating textile structures.

3.3.4 Repeatability/stability of the actuation level

A similar approach was undertaken by several researchers to evaluate the
thermal stability of electrothermal textiles during repeated heating–cooling
cycles of different amplitudes. The test would involve a series of stepwise or
periodic or cyclic applied voltages, with the resulting temperature changes being
recorded [76]. Some researchers also used specific actuation patterns. For example,
Sun et al. characterized his segregated carbon Nanotube/thermoplastic polyure-
thane (s-CNT/TPU) heater with three different types of heating–cooling cyclic
patterns [19]: (a) ten on/off periodic cycles at 6 V, (b) three cycles of 1.5–3-4.5-6 V
step increase followed by an off period, and (c) five on/off periodic cycles at
increasing then decreasing voltages (3–4.5-6-4.5-3 V). In general, two types of
approaches have been observed among researchers investigating the efficiency of

Figure 11.
Comparison between the infrared temperature measurement of heating textiles using a conductive nonwoven
structure (R1) and a conductive wire (R2).
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wearable heaters: (a) cyclic heating–cooling tests at a fixed voltage, and
(b) repetitions of the continuous profile of variable voltages.

3.3.5 Quality of biosignal measured

Smart/e-textiles for biomedical applications often incorporate textile sensors or
electrodes. The efficiency of these devices depends on the quality of the biosignals
recorded. Dry textile sensors suffer from high contact impedance between the skin
and the electrodes [81]. This results in high signal distortion and level of noise,
lowering the overall efficiency of the biomedical devices. To overcome this chal-
lenge, researchers have integrated a water reservoir to continuously dispense mois-
ture vapor to a Ag/Ti-coated polyester yarn embroidered electrode and lower the
motion artifacts [82]. However, this system still does not offer a long-term solution
as the reservoir dries out after a few hours, disrupting the signal measurement
protocols, and thereby, the product efficiency [83]. Ultimately, the efficiency in the
linearity of the output signals will have to be improved by reducing the impact
of temperature, mechanical vibrations, ambient relative humidity, and other
atmospheric factors [84].

3.3.6 Negative impact of moisture

Moisture reduces the performance of all types of batteries, including textile
batteries or batteries integrated into smart textiles [43]. Moisture may also cause
chemical and physical interferences in the control module of e-textiles, reducing its
efficiency before a total failure occurs [85]. Besides the possibility of electric shocks
or complete signal loss from corrosion, marine e-textiles could also experience
decreased efficiency when exposed to the salt of seawater. As soon as the saltwater
propagates the localized corrosion process of textile electrodes or conductive
interconnects, it could affect the overall signal quality, lowering the transduction
efficiency [49].

3.4 Other issues reported and concerns with the use of smart textiles

3.4.1 Longevity of the power supply source

For the consumer satisfaction, the longevity of the system supplying power to
the e-textile, either a battery or an energy harvesting component, is critical. Unfor-
tunately, the same situation experienced in the mobile phone sector will potentially
be observed with e-textiles, in particular with batteries and chargers. Components
may even reach obsolescence faster due to the combination of specific life cycle
factors associated with both the electronics and textile sectors [86].

3.4.2 Maintenance and repairs

Fault detection and maintenance are another critical aspect of e-textiles. Due to
their seamless integration into smart textiles, routine maintenance of electronic
components can be extremely difficult. Also, any attempt to repair of the defective
components may permanently damage the smart textile products.

3.4.3 Electronic component and software upgrades

In an effort towards real-time data analytics, smart textiles provide a platform
for portable computing for the consumers, for instance for biosignal and
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physiological data collection. Any difficulty to update the electronic components,
firmware, networking protocols, and software could seriously jeopardize the
lifetime of the e-textile product.

3.4.4 E-waste and legislation

E-waste already raises a major challenge. With e-textiles, the situation becomes
even worse as they are more integrated, have a shorter life span, and will be more
likely disposed of with their batteries [86]. In addition, if people own one cell
phone, they have several tee shirts in their wardrobe. E-textiles may lead to con-
tamination of other materials’ recycling processes as well the increased release of
toxic substances. Hence, proper standardization and appropriate regulations are
needed for the safe disposal of this new generation of electronics.

4. Test methods: current state of knowledge and future needs

Several national and international standardization organizations have been
working over the last 10 years towards the development of standards for smart/
e-textiles. This includes the European Committee for Standardization (CEN) with
technical committee CEN TC 248/WG 31, the International Electrotechnical
Commission (IEC) with technical committee IEC TC 124, ASTM International with
technical committee ASTM D13.50, the International Organization for Standardi-
zation with technical committee ISO/TC 38/WG 32, and the American Association
of Textile Chemists & Colorists (AATCC) with technical committee AATCC RA111.
Several of them have published and/or are working on the development of test
methods for smart/e-textiles. A total of 18 published/in-development standard test
methods are listed in Table 2. They are organized according to the classification
shown in Figure 1. Four documents relative to terminology are also included in the
table.

The distribution of existing sensor and actuator-based textile technologies, solu-
tions, and products by category of input/output signal (Figure 1) can be compared
with the standard test methods (published and in development) identified
(Figure 12). While most of the test method development efforts for e-textiles are in
the electrical category, which accounts for 55% of the total test methods published
and in development, technologies, solutions, and products in the electrical category
only represent 28% and 5% of the sensors and actuators, respectively. For their part,
mechanical test standards only represent 11% of the total, whereas technologies,
solutions, and products in the mechanical category comprise 59% of the sensor-
based smart/e-textiles. Also, very few standard test methods exist for thermal,
optical and physical environmental aspects of e-textiles, while commercial products
in these categories account for a large part of products/technologies in the market.
No standards are available yet for power/energy harvesting and chemical/biological
e-textiles, while some related products already exist on the market. This situation
has led several researchers and research institutions to develop their own test
methods [107]. It must be mentioned that test methods characterizing the electrical
function were included in the electrical category while they may also, in a certain
extent, apply to other categories of smart/e-textiles.

Based on the number of commercial e-textile products currently available and
issues reported in terms of safety, efficiency, and durability, there is thus a critical
need for test methods for thermal applications, as well as to a lesser degree, for
energy (power) harvesting and chemical and biological applications. For this
purpose, a trifactor model of performance assessment is illustrated in Figure 13.
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The product assessment should also take into account the product features, longev-
ity, benefits/cost ratio, and the user experience.

Applying this trifactor model, we have identified the need for more than thirty
standard test methods in the specific case of thermal e-textile products (Tables 3–5).
They include a full-sleeve resistive heating jacket, battery-powered resistive heating
boots, resistive heating car seats, battery-powered resistive heating gloves, a

Test method Document

Electrical (Total of 10 test method standards, 1 published and 9 in development)

ASTM WK61479- Durability of textile electrodes exposed to perspiration (in
development)

[87]

ASTM WK61480- Durability of textile electrodes after laundering (in development) [88]

AATCC RA111(a)- Electrical resistance of electronically integrated textiles (in
development)*

[89]

AATCC RA111(b)- Electrical resistance changes after home laundering (in development)* [90]

CEN EN 16812:2016- Linear electrical resistance of conductive tracks* [91]

IEC 63203–204-1- Washable durability for leisure and sportswear e-textile system (in
development)*

[92]

IEC 63203–201-3- Electrical resistance of conductive textiles under simulated
microclimate (in development)*

[93]

IEC 63203–250-1- Snap button connectors (in development)* [94]

IEC 63203–201-1- Basic properties of conductive yarns (in development)* [95]

IEC 63203–201-2- Basic properties of conductive fabric and insulation materials (in
development)*

[96]

Thermal (Total of 4 test standards, 1 published and 3 in development)

CEN EN 16806–1:2016- PCM - Heat storage and release capacity [97]

CEN EN 16806–2 PCM- Heat transfer using a dynamic method (in development) [97]

CEN EN 16806–3 PCM- Determination of the heat transfer between the user and the
product (in development)

[97]

IEC 63203–406-1- Measuring skin contact temperature (in development) [98]

Mechanical (Total of 2 test standards in development)

IEC 63203–401-1 - Stretchable resistive strain sensor (in development) [99]

IEC 63203–402-1 – Finger movements in glove-type motion sensors (in development) [100]

Physical environment (Total of 1 test standard in development)

IEC 63203–402-2 - Fitness wearables – step counting (in development) [101]

Optical (Total of 1 test standard in development)

IEC 63203–301-1 - Electrochromic films for wearable equipment (in development) [102]

Others (Total of 4 test standards, 2 published and 2 in development)

ASTM D8248–19- Standard terminology for smart textiles [103]

ASTM WK61478- New terminology for smart textiles (in development) [104]

CEN 16298 - Definitions, categorization, applications and standardization needs [105]

IEC 63203–101-1 – Terminology (in development) [106]
*Also applies to other categories of products/technologies.

Table 2.
Standards (existing and in development) test methods for smart textiles.
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reflective heating jacket, an air-exchange heating face mask, a cooling vest using
water circulation and a Peltier module, and a thermo-regulated jacket with phase
change materials. The few standard test methods already published and in develop-
ment are also included in the tables when relevant: in several cases, the standard
would not apply to the case of thermal e-textiles used as an example here. In the

Figure 12.
Existing/in-development standardized test methods for smart textiles as of December 2020.

Figure 13.
Tri-factor framework for assessing the performance of smart/e-textiles.

Performance evaluation Applicable standards

Efficiency of the overall functional/protective clothing system Not available

Efficiency of the heat transfer system between textile and user (at the
component level)

Not available

Efficiency of the induction-charging system Not available

Table 3.
Test methods needed to evaluate the efficiency of smart/e-textiles.
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Performance evaluation Applicable standards

Efficiency of protection against shorts or open
circuit, leading to shocks or fire hazards

IEC 63203–201-2 is in development, but it may
not apply to high resistance conductive fabrics

used for antistatic or heater purposes

Efficiency of controls (i.e., power limit) to avoid
over-heating, leading to skin burn or damage

IEC 63203–406-1 ED1 is in development but it
appears to be limited to wearable electronic

devices

Impact of prolonged heating exposure on the skin
and the surrounding environment

Not available

Overshooting of temperature difference between
set temperature and experienced temperature by
the skin

Not available

Table 4.
Test methods needed to evaluate the safety of smart/e-textiles (include test methods published and in
development when relevant).

Performance evaluation Applicable standards

Electrical resistance of the heater/resistive material to
cleaning (washing/ laundering, dry-cleaning, drying)a,d

ASTM WK61480 (draft)
AATCC RA11 (draft)

IEC PN 63203–201-2 (draft)

Electrical resistance of the heating element to exposure of
perspiration (from different parts of the body)a,b,d

ASTM WK61479 (draft)
IEC PN 63203–201-2 (draft)

Electrical resistance of the heating element when subjected
to mechanical stresses (tension /compression/ bending /
fatigue/ abrasion/cutting /tearing / bodyweight)a,b,c,d

IEC PN 63203–201-2 is in development,
but it does not appear to cover the aspects
of abrasion, cutting, tearing, and fatigue

Electrical resistance of conductive parts to steaming or
ironing (after laundering)a

Not available

Electrical resistance of the heating element to extreme
weather conditions (e.g., rain and snow)a,b,c,d

Not available

Electrical resistance of the heating elements after exposure
to severe use conditions (hot/cold/high humidity)a,b,c,d

Not available

Electrical resistance of the heating elements after exposure
to different kinds of liquid (water, coffee, soft drinks)c,d

Not available

Electrical resistance of conductive track to cleaninga,b,c,d ASTM WK61480 (draft)
AATCC RA11 (draft)

IEC PN 63203–201-2 (draft)

Electrical resistance of fasteners (e.g., switch, snaps,
power supply) to cleaninga

Not available

Electrical resistance of fasteners to power supply to
repetitive connection/disconnection for cleaning, i.e.,
fatiguea,d

Not available

Electrical resistance of fasteners to steaming/ironinga Not available

Electrical resistance of fasteners to the power supply to
exposure of perspiration (e.g., corrosion)a

Not available

Resistance of reflective thermal heating pattern to cleaning
(washing/ laundering, dry-cleaning, drying)e

Not available

Resistance of reflective thermal heating pattern to body
abrasione

Not available
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case of the durability assessment, the analysis considered the specificities of the
application corresponding to the product under consideration.

5. Conclusion

After a brief overview of smart/e-textile products and major barriers to market
entry, this chapter discussed different issues reported as well as foreseeable chal-
lenges that may result in injuries for instance, with electric shocks, skin burns and
fires. Aspects related to the user’s satisfaction, for instance in terms of the product

Performance evaluation Applicable standards

Resistance of reflective thermal heating pattern to
perspiratione

Not available

Preservation of thermal heat reflection of liner fabric over
time i.e., aging behaviore

Not available

Resistance of antimicrobial property of ventilator to
cleaning (washing/ laundering/ dry-cleaning/ drying)f

Not available

Resistance of structural integrity of the ventilator against
external compression and abrasionf

Not available

Efficiency of the heat recovery of the ventilation system
from the exhaled breathf

Not available

Efficiency of the transformation mechanism of cold
inhaled air into warm air inside the ventilatorf

Not available

Resistance of structural integrity of the bladder/reservoir
to compression and abrasion (with zipper track while
detaching)g

Not available

Heat storage and release capacity of phase change material
(PCM)h

CEN EN 16806–1 (Part- 1)

Resistance of PCM and coatings (many contain binders) to
washing/ laundering/ dry-cleaning/ dryingh

Not available

Resistance of PCM and coatings to abrasionh Not available

Resistance of PCM and coatings to perspirationh Not available

Determination of cooling or heat transfer of the PCM
(coated or portable packs) technologyh

CEN EN 16806–1 (Part- 2)

Resistance of PCM and coating to steaming and ironingh Not available

Efficiency of PCM (coated or portable packs) technology
over the course of the time i.e., aging behavior (weather
conditions)h

Not available

Efficiency of PCM (coated or portable packs) technology
to fatigueh

Not available

aResistive heating jacket.
bResistive heating boot.
cResistive heating car seat.
dResistive heating gloves.
eReflective heating jacket.
fAir-exchange heating face mask.
gCooling vest using water circulation and a Peltier module.
hThermo-regulated jacket with phase change material.

Table 5.
Test methods needed to evaluate the durability of smart/e-textiles (include test methods published and in
development when relevant).
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longevity and the ability to maintain/repair it, were also covered. In particular,
different conditions such as biomechanical stresses applied during use, ambient
moisture, and laundering may reduce the life expectancy of the smart textile due
to a damage of the conductive interconnects or a reduced actuation, for instance.
As the world moves towards an increased adoption of smart e-textiles, such
unwanted outcomes can put the lives of healthcare patients, first responders, and
soldiers, for instance, at risk.

Due to the lack of dedicated standard test methods, manufacturers of e-textiles
are limited in their attempt to control the quality of their products; as a result, they
are unable to scale up and have their innovative e-textile technologies and products
reach their full potential. It is clear that the issues reported in terms of safety,
durability, and efficiency of e-textiles can be mitigated and eliminated through
appropriate quality control using standard test methods. Currently, only 18 stan-
dard test methods published and in development by CEN, IEC, ASTM, and AATCC
technical committees relevant to smart/e-textiles were identified. In some catego-
ries of e-textiles, e.g., thermal, chemical, biological, and energy harvesting, few or
no test methods exist while several products are already on the market.

Using a trifactor model of performance assessment based on safety, efficiency,
and durability, more than 30 standard test methods were identified for thermal
e-textiles by considering a series of existing technologies/products: a full-sleeve
resistive heating jacket, battery-powered resistive heating boots, resistive heating
car seats, battery-powered resistive heating gloves, a reflective heating jacket, an
air-exchange heating face mask, a cooling vest using water circulation and a Peltier
module, and a thermo-regulated jacket with phase change materials. The develop-
ment of such product-oriented test methods and their adoption by the manufactur-
ing industries, will facilitate the design process towards a safer, more efficient, and
durable smart/e-textile world. Adopting a collaborative and multidisciplinary
approach, involving textile, materials, biomedical, and electrical engineers as
well as relevant national and international standardization technical committees in
textiles and electronics, is key to achieving this.
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Chapter 8

Modeling and Validating Analytic
Relations for Electromagnetic
Shielding Effectiveness of Fabrics
with Conductive Yarns
Ion Razvan Radulescu, Lilioara Surdu, Emilia Visileanu,
Cristian Morari and Marian Costea

Abstract

Electromagnetic (EM) radiation may be harmful for human’s health and for
functioning of electronic equipment. The field of Electromagnetic Compatibility
approaches various solutions to tackle this problem, while shielding of the radiation
is one of the main solutions. Since the development of spinning technology for
producing conductive yarns for fabrics, textile electromagnetic shields have become
a valuable alternative to metallic shields. Their main advantages are given by the
flexibility, the low weight and the good mechanical resistance, as well as by the
possibility to precisely design the shield. The scientific literature includes several
analytic relations for estimating the electromagnetic shielding effectiveness
(EMSE), in case of woven fabrics with conductive yarns, which may be modeled as
a grid of electric conductors. This book chapter tackles three different analytic
models for estimating EMSE, which are useful to predict this functionality in the
design phase of fabrics. The analytic relations are subsequently comparatively vali-
dated by EMSE measurements via TEM cell equipment of two woven fabrics with
conductive yarns out of stainless steel and silver with a grid of 4 mm. Results of
validated analytic relations are used for the approach of designing textile shields
with regard to final application requirements.

Keywords: fabrics, yarns, stainless steel, silver, shielding effectiveness,
modeling, validating

1. Introduction

Textile materials have reached in the last two decades a lot of additional func-
tionalities in connection to new application fields [1]. Keywords such as technical
textiles or smart textiles are increasingly gaining popularity among end users since
various products are already available on the market. One important domain of
technical textiles are fabrics destined for the construction sector – BUILDTECH,
having electromagnetic (EM) shielding properties [2].

The research field of EM shielding fabrics combines at least two major
disciplines, namely textile science and electromagnetic compatibility. As such, this
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chapter tackles interdisciplinary research with a lot of potential applications. In
order to understand why EM shielding functionalities are relevant for textile
materials, one has to consider the huge amount of EM radiation of our environment
these days, caused by telecommunication or other electric energy sources [3].

Several studies prove that EM radiation is harmful for human beings [4]. Non-
ionizing radiation produce a heating of the cellular tissues of the human body with
negative impact on the health and may produce cancer [5]. Although the scientific
studies have not done a strict correlation between radiation and deterioration of
human’s health, it is evident that a causality does exist [6].

Another problem are undesired radiation sources which cause interference with
electronic devices. EM Interferences (EMI) are a deep topic of electromagnetic
compatibility (EMC) science and one of the most applied solutions is shielding [7].
By shielding of interferences between electronic devices a proper functioning is
ensured [8].

Shielding of EM radiation has been done traditionally by use of metallic
plates. Due to their outstanding electric conductivity and the formation of Eddy
currents, which produce an opposite EM field, the incident EM field is attenu-
ated. The Shielding Effectiveness (EMSE) may be considered as basic quantity
defining this attenuation. One of the most applied relation for measurement of
EMSE is (1) [9]:

EMSE ¼ 10 log 10
Power of the incident field

Power of the transmitted field
¼

¼ ReflectionþAbsorptionþMultiple Reflections (1)

However, although metallic plates have most effective EMSE properties due to
their excellent electric conductivity properties, advanced technical textile materials
are also used for such applications. The evolution of spinning technologies [10, 11]
and the possibility to produce electric conductive fibers and yarns to be inserted
into the fabrics structure, have made possible the manufacturing of textile electro-
magnetic shields. Either being inserted as yarns within the woven or knitted fabrics
or as fibers within nonwoven fabrics, these novel textile materials render electric
conductivity properties. The fabric structure with inserted conductive yarns may be
designed according to weaving/knitting principles of textile science, having various
yarn counts, fabric densities, weaves or float repeats [12].

When compared to metallic plates, electrical conductive textiles are flexible,
lightweight and have a good mechanical resistance, and have as well the possibility
to precisely design the shield for a certain application. Fabrics are currently pre-
ferred in many shielding applications over metallic plates, for the lower costs and
the adaption in shape and size to the protected area. The insertion of conductive
yarns into the fabric structure may yield various geometric patterns. One of the
most common pattern is the grid pattern, which is obtained by inserting conductive
yarns in warp and weft system of a woven fabric. Although such conductive woven
fabrics do not reach the EMSE of metallic plates, they are used due to their special,
mentioned properties.

Modeling of EMSE for electrical conductive materials was a task given by the
necessity to estimate the material’s properties in the design phase. Manufacturing
EM shields without a prior estimation of their EMSE properties requires subsequent
physical determinations and an ongoing loop of manufacturing and measurement.
This undesired loop may be overcome by modeling of the desired property, in order
to be able to estimate the property’s values without manufacturing in view of the
end application requirements. As such, important resources of time, materials,
energy and men power are saved.
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Modeling may be done by two main principles [13]:

• Phenomenological modeling: tackles the system as black box and uses
experimental plans and statistics to get insight of experimental data;

• Mechanistic modeling: tackles the system as white box and describes by means
of analytic relations their internal mechanism.

A simple mechanistic method to model the shielding effectiveness achieved
through conductive plane shields was provided by Schelkunoff, and was named
impedance method [7]. This method performs an analogy of the discontinuity of
shield impedance with a lossy section within long bifilar transmission lines. The
impedance method is considered to estimate sufficiently precise shielding effec-
tiveness, by using following geometric and electric parameters: thickness of the
shield, electric conductivity and magnetic permeability of the shield, over a speci-
fied frequency domain. Shielding is considered to occur due to three mechanisms:
reflection loss of the wave due to mismatch of impedance between air and shield
(electric conductivity and magnetic permeability are parameters with high
sensitivity), absorption loss due to heat loss of the EM wave within the shield
(thickness of shield is parameter with high sensitivity) and multiple reflection
correction term due to re-reflection of the EM wave within the shield (1). In case
of shields with grid structure such as the woven fabrics with conductive yarns,
adaptations of the impedance method were accomplished, by introducing addi-
tional parameters of the fabric structure, such as the distance between conductive
yarns or the conductive yarn’s diameter. For modeling of EMSE by woven fabrics is
a growing field of research, up-to-date contributions may be found in [14, 15]. A
model based on the circuit method for near field electromagnetic waves was
described in [16]. The circuit method was developed by Kaden and is considered
next to the impedance method, main mechanistic model to estimate EMSE for
electromagnetic shields, based on geometric and electric parameters [7].

This book chapter tackles modeling of EMSE for grid structures of woven fabrics
with inserted conductive yarns, comparatively by mechanistic models of different
analytic relations [17–20], with the purpose of being able to estimate EMSE in the
design phase of the textile shielding products.

2. Materials and methods

This subchapter describes the analytic relations for estimation of the EMSE and
the fabric samples with inserted conductive yarns and their properties, destined for
validation.

2.1 Electric and geometric parameters for fabrics

Figure 1 presents the main geometric parameters of woven textile structures:
h - fabric thickness [m].
a - distance between conductive yarns (ratio between conductive and

nonconductive yarns-float repeat) [m].
d – optical diameter of the conductive yarn [m].
The following electric parameters apply for the textile materials:
σy – Electric conductivity of the metallic yarns [S/m].
σf – Electric conductivity of the fabrics [S/m].
ε – Electric permittivity of the metallic yarns [F/m]
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ε ¼ ε0εr, where:
ε0 – Electric permittivity of vacuum ε0 = 1/(36π*109) F/m.
εr – Relative electric permittivity [1].
μy – Magnetic permeability of the metallic yarns [H/m].
μf – Magnetic permeability of the metallic fabrics [H/m]
μ ¼ μ0μr, where:
μ0 – Magnetic permeability of vacuum μ0 = 4π*10�7 H/m.
μr – Relative magnetic permeability [1].
f – Frequency of electromagnetic (EM) field [Hz].
ω – Angular frequency of EM field ω ¼ 2πf [rad/s].
δy – Skin depth of the conductive yarn [m], expressed as:

δy ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πfμyσy

q (2)

δf – Skin depth of the fabric [m], expressed as:

δf ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πfμfσf

q (3)

2.2 Materials: the fabrics and their properties

Two types of fabrics with inserted conductive yarns made of stainless steel
(F1) and silver (F2) were manufactured for validating the analytic relations of
EMSE. The fabrics have similar structures, plain weave and a distance between
conductive yarns of 5 mm, while F1 is based on stainless steel Bekinox BK50/2
yarns and F2 is based on silver Statex yarns. Cotton yarns of Nm50/2 were set as
basic yarns. Both fabrics have been manufactured on rapier weaving looms, by
inserting the conductive yarns in warp and weft system, with float repeat 6:2.
Table 1 presents their designed structure and their physical-mechanical and electric
properties.

Figures 2 and 3 present pictures of the weaving loom and the warp beam at the
company SC Majutex SRL (www.majutex.ro), used for manufacturing the textile
woven fabrics F1 and F2.

* The electric conductivity of the yarns was computed considering the linear
electric resistance of the yarns and the cross-section of the yarns, based on the
measured optical diameter – relation (4).

Figure 1.
(a) and (b) – Fabric structures and geometric parameters.
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σy ¼ l
Rl �A (4)

Where:
σy – electric conductivity of the yarns [S/m].
Rl – linear electric resistance [Ω] for l = 1 m.
A – Cross-section of the yarn [m2] with d optical diameter of yarn in Table 1.

F1 F2

Conductive yarn
(raw material / linear density)

Stainless steel and cotton spun yarn,
Nm 50/2

Silver coated
PA,

140x2 dtex

Linear electric resistance [Ω/m] Rl 3500 30

Electric conductivity yarns σy [S/m] * 7700 927000

Relative magnetic permeability yarns
μry **

7.36 1

Basic yarn (raw material / linear
density)

100% Cotton Nm 50/2

Optical diameter yarn d [μm] 222 214

Weave Plain weave

Float repeat
Basic: conductive yarn

Warp 6:2 6:2

Weft 6:2 5:2

Fabric thickness h [mm] 0.55 0.49

Specific mass [g/m2] 143 118

Fabric density [yarns/10 cm] Warp 180 168

Weft 170 150

Distance between conductive yarns a
[mm]

5 5

Electric conductivity of fabrics σf
[S/m] ***

41.54 589.0

Relative magnetic permeability of
fabrics μrf **

2.33 1

Table 1.
Textile structures and physical-mechanical & electric properties.

Figure 2.
Weaving loom.
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** The relative magnetic permeability of the composite yarn respectively fabric
was computed considering the relation presented in [21].

μR ¼ MdeMMdeμMM (5)

Where:
Mde - the equivalent percentage of bulk material from total volume;
MMde � the equivalent percentage of the magnetic material from bulk material;
μMM – relative magnetic permeability of the magnetic material;
A relative magnetic permeability of stainless steel was set to μMM = 40, according

to [22], while Mde and MMde were computed according to the textile structure of
yarn and fabric.

Ferromagnetic properties were computed for fabric F1 with inserted Bekinox
stainless steel yarns, since fabric F2 with inserted Statex silver yarns has no
ferromagnetic properties (μr ffi 1).

The Bekinox BK50/2 stainless steel yarn is a spun yarn with 80% content of
cotton fibers and 20% content of Bekinox VS stainless steel fibers, thus
MMde ¼ 0:20.

For fabric F1, the cover factor of the woven fabric was considered for computing
the parameter Mde ¼ 0:96 (in one of our previous research studies [23]) and the
ratio between conductive and basic yarns for computing the parameter
MMde ¼ 0:33 (Table 2).

***The electric conductivity of fabrics was computed based on the measurement
of the electric resistance of a piece of fabric (Figure 4) and relation (6).

The electric resistance R was measured via digital Ohmmeter and thickness h
was measured via digital caliper for (6).

σ ¼ 1
R
� L
l � h (6)

Figure 3.
Warp beam.

μMM = 40 (stainless steel [23]) Stainless steel yarn F1 fabric

Mde 100% 96%

MMde 20% 33%

!Relative magnetic permeability μr μry 7.36 μrf = 2.33

Table 2.
Computation of relative magnetic permeability.
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2.3 Measured EMSE of the woven fabric samples

EMSE may be measured according to two main principles with following stan-
dardized methods:

• Principle of TEM cell measurement system (standards ASTM ES-07 and ASTM
D-4935);

• Principle of emitting and receiving antenna system (standards IEEE 299 and
IEEE 299.1 – shielded enclosures with max length of 2 meter).

EMSE of both fabrics F1 and F2 was measured via a TEM cell measurement
system, including signal generator, amplifier and oscilloscope, according
to standard ASTM ES-07. Figure 5a) presents the scheme of a TEM cell and
the washer-shaped textile sample, while Figure 5b) presents a picture of the
TEM cell.

Figure 6 presents the diagram of EMSE to frequency on logarithmic scale with
measured values for F1 and F2 in the frequency domain 0.1–1000 MHz.

The samples were coated on the edge with silver paint, in order to ensure a good
electric conductivity at connection points to the TEM cell (Figure 7).

These experimental measurements of the fabrics with inserted conductive yarns
of stainless steel (F1) and silver (F2), were done in order to validate two analytic
relations for estimation of EMSE.

Figure 5.
(a) and (b) TEM cell for EMSE measurement according to standard ASTM ES-07.

Figure 4.
Experimental setup for measurement of fabric’s electric conductivity
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2.4 Methods: the analytic relations

The analytic relations of modeling EMSE are valid under certain physical
premises:

• The incoming field is an electromagnetic far field;

• Both warp and weft inserted conductive yarns contribute to EMSE;

• The impedance method (Schelkunoff) [7], which performs an analogy of the
discontinuity of shield impedance with a lossy section within a long bifilar

Figure 7.
(a) Sample F1 for TEM cell. (b) Sample F2 for TEM cell.

Figure 6.
EMSE measured for F1 and F2.
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transmission lines, represents the basic source of all adapted relations for
EMSE modeling;

• The validation of EMSE analytic relations may be done by measurements of
EMSE via Transverse Electromagnetic (TEM) cell system.

2.4.1 Impedance method with correction factors for meshed materials

For flexible, meshed materials like woven fabrics with inserted conductive
yarns, the shielding effectiveness in given by Eq. (7) [17]:

EMSE ¼ Aa þ Ra þ Ba þ K1 þ K2 þ K3 (7)

Where:
Aa = attenuation introduced by a particular discontinuity, dB.
Ra = aperture single reflection loss, dB.
Ba = multiple reflection correction term, dB.
K1 = correction term to account for the number of like discontinuities, dB.
K2 = low-frequency correction term to account for skin depth, dB.
K3 = correction term to account for coupling between adjacent holes, dB.
Term Aa. A premise for this relation is that the frequency of the incident wave is

below the cut-off frequency, given by: f c ¼ c=λc, with the cut-off wavelength 2.0
times of the maximum rectangular opening. With a ¼ 5 mm and λc ¼ 2 a ¼ 10 mm,
it results a cut-off frequency of f c ¼ 30 GHz. Our frequency domain limit being
1 GHz, this premise is fulfilled.

Aa ¼ 27:3
h
a

� �
dB½ � (8)

Where:
h = depth of opening (fabric thickness) [cm].
a = width of the rectangular opening perpendicular to E-field (distance between

conductive yarns) [cm].
Term Ra. The aperture single reflection loss term depends upon both the

impedance of the incident wave and the shape of the aperture.

Ra ¼ 20 log 10
1þ 4K2

4K

� �
dB½ � (9)

Where

K ¼ j6:69 � 10�5f � a (10)

for rectangular apertures and plane waves,
f = frequency in MHz and.
a, the same significance as above and also expressed in [cm].
Term Ba. The multiple reflection term is given by relation (11):

Ba ¼ 20 log 10 1� K � 1ð Þ2
K þ 1ð Þ2 10

�Aa
10

 !
dB½ � (11)

valid for : Aa < 15 dB (12)

179

Modeling and Validating Analytic Relations for Electromagnetic Shielding Effectiveness…
DOI: http://dx.doi.org/10.5772/intechopen.95524



For sample F1 and F2 a ¼ 5 mm and with h1 ¼ 0:55 mm, respectively
h2 ¼ 0:49 mm, it result Aa ≈ 3:003 dB and the premise (12) is fulfilled.

Term K1. For a source distance from the shield that is large compared with the
aperture spacing, the correction term for the number of discontinuities is given by
relation (13):

K1 ¼ �10 log 10 S � nð Þ dB½ � (13)

Where:
S = area of each hole (sq cm).
n = number of holes/sq. cm.
For fabric samples F1 and F2: S ¼ 0:25 cm2 and n ¼ 4=sq cm, thus K1 ¼ 0 may

be neglected. Moreover the term K1 can be ignored for sources close to the shield,
which is the case of the TEM cell.

Term K2. The skin depth correction term is introduced for the reduction of
EMSE when the skin depth becomes comparable to the screening wire diameter or
the dimension between apertures. An empirical relation was developed for the skin
depth correction term (14, 15):

K2 ¼ �20 log 10 1þ 35p�2:3� �
(14)

Where:

p ¼ d=δy (15)

As a computation example, the skin depth of silver yarns of fabric sample F2 –
with a higher electric conductivity of the yarns than F1, is given by relation (16):

δy ¼ 63ffiffiffi
f

p mm½ � (16)

For frequency f ¼ 1 MHz we obtain δy ¼ 63 � 10�3mm:

The term K2 is the single correction factor of the analytic relation sum which
encounters the electric parameter of the yarns (electric conductivity and magnetic
permeability), within the relation of skin depth. It is thus a factor with high sensi-
tivity on the overall EMSE relation. The electric parameters were considered for the
conductive yarn (not for the fabric), since the ratio p ¼ d=δy is a property of the
yarn.

Term K3. Attenuation is relatively high when apertures are tight and the depth
of the openings is small compared to the aperture width. This is the result of
coupling between adjacent holes and especially important for small openings. The
relation is given by (18):

K3 ¼ 20 log 10 cothAa=8:686ð Þ dB½ � (17)

2.4.2 Impedance method with correction between foil and grid

The paper [18] and the handbook [19] propose an analytic relation for EMSE,
based on impedance method, with correction between the fabric as a foil and the
fabric as a grid. Since at low frequencies, the wavelength λ is much larger than the
distance of the aperture opening a, the incident radiation sees the fabric as a foil
(thin electric materials in relation to the skin depth). At higher frequencies, when
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the wavelength is comparable with the aperture opening, the grid structure of the
fabric becomes relevant (thick electric materials). As such, an exponential function,
depending on the frequency f, the dimension of the aperture a and the constant C,
was proposed to balance the two relations of EMSE for foil and grid structure -
Eq. (18).

EMSE ¼ exp �Ca
ffiffiffi
f

q� �
EMSEð Þfoil þ 1� exp �Ca

ffiffiffi
f

q� �h i
EMSEð Þgrid (18)

Where:
a = Distance between conductive yarns [mm].
f = frequency of EM field [MHz].
C = constant.
Analytic relation (18) was firstly introduced for metalized textiles by [18]. The

two analytic relations for (EMSE)foil – the shielding effectiveness of a metallic foil of
the same thickness (h) as the fabric and (EMSE)grid – the shielding effectiveness of
an aperture (of size L� D), subjected to a plane wave radiation are given by
Eqs. (19, 20) and are valid for metallized textiles:

EMSEð Þfoil ¼ 20 log 10 exp
h
δ

� �� �
1þ kð Þ2
4k

" #
1� k� 1ð Þ2

kþ 1ð Þ2 exp � 2h
δ

� �" #( )

(19)

EMSEð Þgrid ¼ 100� 20 log 10 a � fð Þ þ 20 log 10 1þ ln a=sð Þ½ � þ 30D=a (20)

where:
k ¼ Z0=Zm (ratio of wave impedance to shield impedance).
h – thickness of the fabric [m].
δ – skin depth of the material [m].
a – maximum distance between conductive yarns [mm].
s – minimum distance between conductive yarns [mm].
D – depth of the aperture [mm].
f - frequency [MHz].
C = 0.129 (constant).
The constant C is derived by equaling the two relations (EMSE)foil = (EMSE)grid

and considering the frequency of three skin depths 3δ, as the point below current is
negligible in a foil, (95% of the current flows within 3δ) [18].

The Eqs. (18–20) were derived by contribution of [20] in order to be applied for
fabrics with inserted conductive yarns. Following conditions apply for the proposed
Eqs. (19–20) to be valid for fabrics with inserted conductive yarns:

a: σ≫ωε

This condition applies to conductive materials for which ωε is negligible as
compared to σ (in metals the condition is practically always fulfilled). This leads to a
simplification of EMSE relations through the simplification of the shield material
impedance definition:

Zm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jωμ

σþ jωε

s
≈

ffiffiffiffiffiffiffiffi
jωμ
σ

r
(21)

Sample F1 has an electrical conductivity σf1 = 41.5 S/m and the electrical con-
ductivity of sample F2 is σf2 = 589 S/m. Since it is considered that the fabrics have
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the electric permittivity of vacuum (ε0 = 1/36π*109 F/m), the term ωε has a value of
0.055 at a frequency of 1 GHz. Therefore, this condition is fulfilled for both samples
in the analyzed frequency range (100 kHz–1 GHz), since the difference between
the two terms is of three orders of magnitude for sample F1 (41.5 > > 0.055) and
four orders of magnitude for sample F2 (589 > > 0.055).

b: Zm ≪Z0

This condition corresponds to a situation when there is a substantial mismatch
between the wave impedance and shield impedance. When this condition is ful-
filled, EMSE relations greatly simplify as the ratio between the wave impedance and
the shield impedance becomes much greater than 1 (k > > 1). Thus, Eq. (19)
becomes:

EMSEð Þfoil ¼ 20 log 10 exp
h
δ

� �� �
k
4

� �
1� exp � 2h

δ

� �� �� �
(22)

By using the simplified version of Zm, the following values are obtained for the
impedance of the two textile samples: 0.21 Ω for F1 and 0.037 Ω for F2 at a
frequency of 100 kHz, and 21 Ω for F1 and 3.66 Ω for F2 at 1 GHz. The lowest
impedance ratio is k ≈ 18 for sample F1 at 1 GHz which is still much greater than 1.
k = 103 for sample F2 at 1 GHz. Therefore, we can say that this condition is fulfilled
for both samples in the analyzed frequency range (100 kHz–1 GHz). Note that
sample F1, which has lower electric conductivity, fulfills this condition by two
degrees of order only for the frequency domain 100 kHz-74.5 MHz. For higher
frequencies, the EMSE relation is still valid for F1 but with a greater error, according
to [20].

c. h < 3δ (Thin materials)

It refers to the fact that the thinner the material the higher the reflections from
the second interface of the material and thus the re-reflection term in EMSE rela-
tions is more significant. The amplitude of the incident wave will decrease with
about 95% at a distance of three skin depths (3δ) from the first interface inside the
material. From the skin depth definition, δ ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffi
πfμσ

p
, one can see that it is lower

for materials with higher conductivity and at higher frequencies. For sample F2
(which has a higher conductivity than F1), δ ≈ 0.66 mm at 1 GHz and
3δ ≈ 1.98 mm, which is lower than the fabric thickness (h = 0.55 mm) showing that
the condition is fulfilled.

These conditions are needed to express relations (19-20) in case of fabrics with
inserted conductive yarns according to [20] and are valid both for F1 and F2.

EMSEð Þfoil ¼ 168:14þ 20 log 10

ffiffiffiffiffiffiffiffiσr

fμr

r� �
þ 8:6859

h
δ

þ 20 log 10 1� e�2h=δe�j2βt Z0 � Zm

Z0 þ Zm

� �2
�����

����� (23)

where β is the phase constant.

EMSEð Þgrid ¼ 158:55� 20 log 10 a � fð Þ � 20 log 10

ffiffiffi
n

p
(24)
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σr was considered in Eq. (23) the relative electric conductivity of the fabric in
relation to the electric conductivity of copper σCu ¼ 5:8 ∗ 107S=m. The Eq. (24) is
valid for electrically thin materials and square apertures.

C is a constant for woven fabrics with conductive yarns computed in [20], in
relation to the electric conductivity of the fabric and the number of apertures of the
maximum length of the washer-shaped sample for the TEM cellTable 3:

C ¼ 1:972 � 10�5 ffiffiffiffiffiffiffiffiffi
σf n

p
(25)

And

n ¼ lc
a

(26)

With:
n – number of apertures.
lc – maximum length of fabric for washer-sized sample within TEM cell.
a – distance between conductive yarns.

The parameter lc is needed according to [9] in order to compute the number of
apertures of the maximum linear distance. The number of apertures on maximum
linear distance are only relevant for EMSE of multiple apertures [9]. C is a factor
with high sensitivity.

However, relation (24) is valid under certain conditions [20]:

• the maximum number of apertures counts on a linear dimension

• distance between conductive yarns a < λ/2

• distance between conductive yarns a > thickness h

• the material is thin (h < 3δ) and the n apertures are equally sized

Figure 8.
The maximal distance of the sample for TEM cell meant to compute the number of apertures.

n σf C

18 589 0.0005

18 41.54 0.002

Table 3.
Number of apertures and electric conductivity of fabric to compute constant C according to [20].
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Figure 8 presents the scheme of a washer-shaped sample of TEM cell, with the
longest distance, for counting the maximal number of apertures.

The measurements show the values: lc = 75 mm and n = 18 for F1 and F2. These
values were used to compute constant C of Eq. (25), in order to be used in general
equation of EMSE (18), with Eq. (23) for (EMSE)foil and Eq. (24) for (EMSE)grid.

3. Validation of the two analytic relations by the two samples

Both the analytic relation of impedance method with correction factors
(described at 2.4.1), and the analytic relation with correction between foil and grid
(described at 2.4.2), were applied for sample F1 and sample F2, by introducing the
electric and geometric parameters of the samples and generating the related EMSE
diagrams.

Figures 9 and 10 present the modeled and the measured values in case of the
relation of impedance method with correction factors for F1 and F2.

Figures 9 and 10 show a good modeling of the impedance method with correc-
tion factors, both for the fabric with stainless steel yarns and the fabric with silver
yarns. The analytic relation (7) shows for the fabric with stainless steel yarns a
maximal difference to the measured values of about 10 dB at the frequency of
10 MHz and has for the frequency domain of 0.1–1 MHz and 100–1000 MHz, close
values with maximal differences of 2–5 dB. Same analytic relation shows for the
fabric with silver yarns a maximal difference to the measured values of 5 dB,
especially in the end points of the frequency domain, namely 0.1 MHz and 1 GHz.
Figures 11 and 12 present the modeled and the measured values in case of the
relation with correction between foil and grid for F1 and F2.

Figures 11 and 12 show a good estimation of EMSE by relation with correction
factor between foil and grid, both for the fabric with stainless steel yarns and the
fabric with silver yarns. The analytic relation (18) shows a mean difference to the

Figure 9.
F1 (stainless steel) – Modeled (7) and measured.
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measured values of 5–10 dB on the frequency domain for F1 and a mean difference
to the measured value of 9–10 dB on the frequency domain for F2.

The two methods for estimating EMSE in case of fabrics with inserted conduc-
tive yarns, relay on different principles of analytic relations. Both methods use as
input parameters the electric and geometric parameters of the fabric. These electric

Figure 11.
F1 (stainless steel yarns) – modelled (18) and measured.

Figure 10.
F2 (silver) – Modeled (7) and measured.
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and geometric parameters were presented with same notations for the two
methods, since the scientific literature tackles the methods individually and
presents the parameters with various notations [17–20].

Two types of fabrics with inserted conductive yarns, having similar structure, but
different raw materials for the conductive yarns, namely stainless steel and silver, were
used to validate EMSE by the two methods, based on experimental data.

Some of the parameters of the two methods have greater significance in overall
estimation of EMSE, some have less significance. This aspect is tackled by the
sensitivity analysis.

As such, for the first method, all factors of relation (7) do not depend on
frequency, neither on the electric parameters of the fabrics, except of the factor K2,
which is expressed as ratio between yarn diameter d and yarn skin depth δy . K2 is
the single factor depicting the electric parameters, since the relation of skin depth
for the conductive yarn of the fabric includes frequency, magnetic permeability and
electric conductivity. By analyzing influence of each factor for general outcome of
EMSE, it results that factor K2 has the most significant influence and this is due its
characterization of the electric parameters of the fabrics.

The second method aims to balance the relations of EMSE for the foil and for the
grid, depending on frequency and the related thin or thick electric material. Main
parameter with significant influence in this regard is the constant C. This constant
depicts the balance between the EMSE of the foil and EMSE of the grid. Constant C
was computed according to [20] depending on electric conductivity of the fabric
and number of apertures on the longest distance of the washer-shaped fabric sample
for the TEM cell (according to standard ASTM ES-07).

The geometric parameters of fabrics have for both methods an important sig-
nificance too, however with less sensitivity than the electric parameters.

Another aspect to be tackled is the tolerance of the EMSE measurement via TEM
cell system according to standard ASTM ES-07. The contour of the washer-shaped

Figure 12.
F2 (silver) – modelled (18) and measured.
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samples was coated with silver paste in order to ensure a good electric connection to
the metallic parts of the TEM cell. Since EMSE was measured as ratio between the
electric power values without and with material present and all measurement
devices have they own tolerance (network analyzer, amplifier, TEM cell connec-
tion), the overall measurement error could be estimated at 3–4 dB.

As such, EMSE values were compared between models of estimation based on
electric a geometric parameters of the fabric and experimental measurements. It can
be stated that the validation approach has an indicative character. By comparing
validation results of the two analytic relations (7) and (18) we may conclude that
analytic relation (7) has closer values to experimental data. However, both relations
have close values to the experimental values of EMSE and may be used to predict
this special functionality of fabrics. Design of fabrics for electromagnetic shielding
applications may be supported by both methods.

4. Specified requirements of electromagnetic shielding textiles

The designer of fabrics may relate on the document [FTTS-FA-003 v2], in order
to evaluate what the needed requirements are for fabrics destined for EM shielding.
This document states the limits of EMSE for fabrics of professional and general use
(Tables 4 and 5).

According to the specification, F2 (silver yarns) has for professional use a good
EMSE in the frequency domain of 0.1–100 MHz and a moderate EMSE in the
frequency domain of 100–1000 MHz. Moreover, the same fabric sample F2 has for
general use an excellent EMSE in the frequency domain of 0.1–100 MHz and a very
good EMSE in the frequency domain of 100–1000 MHz.

The sample F1 (stainless steel yarns) has professional use a fair EMSE in the
frequency domain of 100–1000 MHz, while for general use the same sample has a
very good EMSE. For general use in the frequency domain of 0.1–100 MHz, sample
F1 has good EMSE.

These considerations prove that the achieved fabric sample may be successfully
used as electromagnetic shields for various applications, with different grades of
EMSE on the frequency domain.

Grade 5
Excellent

4
Very good

3
Good

2
Moderate

1
Fair

EMSE
range

EMSE>60 dB 60 dB ≥ EMSE
>50 dB

50 dB ≥ EMSE
>40 dB

40 dB ≥ EMSE
>30 dB

30 dB ≥ EMSE
>20 dB

Table 4.
Class I – Textiles for professional use.

Grade 5
Excellent

4
Very good

3
Good

2
Moderate

1
Fair

EMSE
range

EMSE>30 dB 30 dB ≥ EMSE
>20 dB

20 dB ≥ EMSE
>10 dB

10 dB ≥ EMSE
>7 dB

10 dB ≥ EMSE
>7 dB

Table 5.
Class II – Textiles for general use.
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5. Discussion on structure–property relationship of EM shielding fabrics

The two proposed models have high relevance in product development for EM
shielding applications. By having set the target EMSE value and the frequency of the
application (Tables 4 and 5), one of the first choices is selection of the raw material
for the conductive yarn (stainless steel, silver, copper etc.). The quantity (mass) of
conductive yarn leads to a cost-effectiveness calculation for the shielding fabric.
A second fabric parameter to be designed is the distance between conductive yarns
a. A tighter distance between conductive yarns a, means a higher EMSE, according
to both methods (7) and (18). On the other hand, too tight conductive yarns are
critical, due to technological limitations on non-conventional weaving machines
destined for insertion of conductive yarns with metallic content.

Other fabric parameters, such as weave, density and yarn count are third choice
to design EM shields. Although, none of the presented models depicts these param-
eters, some other important properties of fabrics, such as mechanical resistance,
flexibility and drape highly depend on these parameters.

Basically, the proposed models offer a quick overview of the functionality of
shielding, especially useful when starting designing a fabric.

6. Conclusion

This book chapter tackles electromagnetic shielding as an important functional-
ity to be achieved by textile materials. In order to be estimate this functionality,
quantified by the electromagnetic shielding effectiveness (EMSE), the book chapter
proposes two analytic models from the scientific literature [7, 20]. The approach of
modeling EMSE offers to the textile designer relevant insight on the relation
between fabric properties and shielding functionality. Most relevant electric and
geometric parameters of woven fabric shields were considered within the analytic
models, such as: fabric thickness, conductive yarn’s diameter, distance between
conductive yarns, electric conductivity and magnetic permeability of yarns and
fabrics.

The two analytic relations were meant to be validated by experimentally mea-
sured woven fabrics with inserted conductive yarns out of stainless steel and silver.
EMSE was measured for both these fabrics via TEM cell system, according to the
standard ASTM ES-07. The experimental results show that both analytic relations
have a good estimation of EMSE with a maximum difference on the frequency
domain 0.1–1000 MHz of 5–8 dB. Moreover, the achieved fabrics show effective
EMSE values according to the requirements specifications of textile shields for
general and professional use.

In conclusion, the proposed analytic models do support the textile engineer in
designing woven fabrics, to achieve desired shielding functionality. Some techno-
logical aspects regarding textile processing should be also considered, like limita-
tions of inserting the metallic yarns on non-conventional weaving machines,
achieving desired mechanical resistance properties by modifying yarns density of
fabrics and overall cost-effectiveness of using expensive yarns with metallic con-
tent. This contribution was possible by interdisciplinary knowledge of textile field
and electromagnetic compatibility field.
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Chapter 9

Face Mask: A Novel Material for 
Protection against Bacteria/Virus
Thilagavathi Govindharajan and Viju Subramoniapllai

Abstract

Facemask is defined as a loose-fitting device which creates a physical barrier 
between the mouth and nose of the individual wearing mask and likely pollutants 
in the immediate environment. Evolution of severe viral respiratory infectious 
agents such as pandemic COVID-19, severe acute respiratory syndrome, pandemic 
influenza and avian influenza has driven the use of protective face masks by public 
and health workers. In this chapter, characteristics features and uses of different 
types of masks are discussed. Characteristics of various nonwoven technologies for 
manufacturing face masks are also discussed. Test methods and recent developments 
in face masks are briefly covered.

Keywords: Face Mask, Bacteria, Virus, Filtration

1. Introduction

Facemasks are in general used for reducing breathing exposure to airborne par-
ticles such as virus and bacteria that may be connected with a wide range of health 
effects [1]. Facemasks are considered to impede or reduce the spread of airborne 
particles that causes annoying health issues. Facemask is defined as a loose-fitting 
device which creates a physical barrier between the mouth and nose of the indi-
vidual wearing mask and likely pollutants in the immediate environment [1]. Based 
on the use, face mask is commonly characterized as medical, isolation, dental and 
surgical masks. Usually a face mask is made-up of flat or pleated fabric with one to 
three layers, which in turn secured to the head with ear loops [1, 2]. An evolution of 
severe viral respiratory infectious agents such as pandemic COVID-19, severe acute 
respiratory syndrome, pandemic influenza and avian influenza has driven the use 
of protective face masks among public and health workers [3].

The face masks worn must prevent the infectious microbes such as viruses and 
bacteria from penetrating through the fabric structure. Hence it is recommended 
to produce fabric structures with pore sizes lesser than the microbe size. If the size 
of the microbes is known, then the fabrics can be manufactured according to the 
requirements. Tables 1 and 2 shows the specific viruses and bacteria and associated 
diseases. From Tables 1 and 2, fabric producers can get an idea regarding the pore 
size required in face masks for filtering viruses and bacteria respectively [4]. This 
chapter discusses the different types of face masks, filtration mechanisms, manu-
facture and characteristic features of various face masks. Test methods and recent 
developments in face masks are also covered.
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2. Different types of masks

Masks are fabricated based on the size of pores and particles desired to be 
filtered out, which is mainly determined by the health and medical professionals. 
Different types of masks as per the characteristics features and specific uses are 
discussed below.

2.1 Dust mask

Dust masks are in general flexible and these masks are developed to provide 
protect against dust, molds, pollens and other irritants. They normally not provide 
protection against any pathogens and therefore they should not be used for viral 
protection [3].

2.2 Single-use face mask

Single-use face masks are disposable and commonly used for single applica-
tion. They are usually made from wood pulp tissue paper or single layer nonwo-
ven fabric and are very thin. They are normally used for providing protection 
against larger dust particles, at construction sites and in other similar industries. 
It is not recommended to use such type of face masks for protection against 
covid-19 [3].

Species Size (mm) Associated diseases

Serratia marcescens 0.45 diameter Extra-intestinal Infections, Nosocomial Infections

Pseudomonas aeruginosa 0.50–1.0 
diameter

Endocarditis, Pneumonia, Osteomyelitis, Nosocomial 
Infections, Meningitis, Septicemia

Staphylococcus aureus 1.0 diameter Pneumonia, Osteomyelitis, Pneumonia, Osteomyelitis

Mycobacterium 
tuberculosis

1.0–5.0 
diameter

Tuberculosis

Bacillus anthracis 1.0–1.5 
diameter

Anthrax Infection

Table 2. 
Size of some disease-causing bacteria [4].

Species Size (mm) Associated diseases

Hepatitis Virus 0.042–0.047 diameter Hepatitis B

Adenovirus 0.07–0.09 diameter Respiratory Infections

HIV 0.08–0.11 diameter Acquired Immuno Deficiency Syndrome

Filoviruses 0.08 diameter Ebola Virus

Bunyaviridae 0.08–0.12 diameter Hanta Virus

Orthomyxoviridae 0.08–0.12 diameter Influenza A, B, and C

Coronaviridae (SARS) 0.10–0.12 diameter SARS

Varicella-Zoster Virus 0.11–0.12 diameter Herpes

Cytomegalovirus 0.12–0.20 diameter Pneumonia, Hepatitis, Retinitis

Table 1. 
Size of some highly infectious disease viruses [4].
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2.3 Surgical mask

Surgical mask is defined as a loose-fitting and disposable device that creates a 
physical barrier between mouth and nose of the wearer and the probable pollutants 
in the immediate environment [3]. Surgical mask is normally composed of 3 layers. 
The innermost layer contains an absorbent material which absorbs moisture while 
the wearer is breathing. The middle layer is made of melt blown nonwoven which 
work as a filter, and the outer layer repels liquids [5]. The surgical mask prevents 
the splashes, larger-particle droplets or sprays with a diameter above 100 mm. It 
also controls the spread of respiratory secretion and a person’s saliva to others. The 
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2 virus) is spherical, 
though slightly pleomorphic, has a diameter of 60–140 nm. These masks will not be 
able to prevent inhalation of very small particles existing in the air and therefore it 
does not offer full protection against pathogens [3].

2.4 N95 respirator

N95 respirators are normally non-oil resistant and also termed as electrets filter. 
The word N95 denotes that these types of face masks can filter at least 95% of aero-
sols at particle size 0.3 μm [6, 7]. It is reported N95 respirators sometimes do not 
offer adequate protection against the aerosol particles which are lesser than 300 nm. 
Hence protection given by certain N95 respirator masks can also drop below 95%, 
during high inhalation flow rates [6]. The N95 respirators of different industries has 
varied performance mainly based on the penetrating particle’s size. The N95 respi-
rator is made up of four main layers namely inner layer, support layer, filter layer, 
and layer mask filter layer from inside to outside of it. In addition, a ventilator fan 
is mounted on the outer layer of N95 to enhance the breathing performance. N95, 
N99 and N100 masks filter the corona virus effectively [6]. International regulation 
suggests that the surgical masks and N95 respirator are not advisable to be worn 
continuously for more than 4 hours and 8 hours respectively, if not it becomes 
soiled, damaged or contaminated.

2.5 P100 respirator

This is a sort of filtering face piece respirator. It is highly oil-proof and the 
filtration efficiency of the aerosol particles is 99.97%. From the comparisons made 
by the researchers regarding the filtration efficiency of N95 and P100 respirators, 
it was found that there was no considerable gap present in the permeability values 
before use. Whereas results after post exercise were more expedient for the P100 
respirator, on the other hand, N95 failed the post-exercise criterion [6]. Moreover, 
owing to the likely effects on the breathing resistance, face seal, and moisture reten-
tion during the use and hard work, there is the threat of reshaping the face mask. 
P100 face masks could able to maintain their shape in humid and high temperature 
compared to the N95 [8].

2.6 Full face respirator

Full-face respirators are constructed using rigid plastic material which con-
sists of both apparent part and central port part [9]. Such masks are used for the 
management of breathing problems and sleep troubles by providing respiration to 
patients [6]. Face covering part is made from flexible elastomeric material that fits 
well to cover the anatomy of face. Due to the elastic nature, straps aids in generat-
ing adequate force which gives good adherence of mask on to the wearer’s face. 



Textiles for Functional Applications

198

However, this arrangement not works well if the person rolls during sleep. In such 
situations, masks are removed from the wearer, which disconnects the sealing 
between mask and face of the wearer and thus leads to poor protection [10].

3. Mechanisms of filtration

The filtration mechanism of filter fabrics is mainly based on physical filtra-
tion mechanism namely interception, inertial impact, diffusion, gravitation, and 
electrostatic attraction [4]. During a particle filtration process, an interception 
takes place as the particle radius is equal to or greater than the fiber-particle 
distance (within 0.1 to 1 μm particle size) [4]. The particles are instantly arrested 
outside the face masks as soon as it comes in contact with and attaches to the fiber 
following the air streamline around the fiber. Inertia impact occurs when a particle 
size is bigger than 1 μm with a larger mass, which are not capable of going after the 
arc pathway of the air streamline crashes into the fiber. For the particles in high 
velocity, it becomes harder to penetrate through the pores of the mask sieve and to 
arrive at wearer. The diffusion mechanism [2, 3] makes the particles to diverge from 
the actual flow lines arbitrarily when they are close to fibers, mainly for particles 
sizes which are lesser than 0.1 μm. In the filter fabrics the electrostatic attraction 
occurs through the electrostatically charged mats [3]. By means of electrostatic 
driven adsorption the oppositely charged particles are attracted. The electrostatic 
attraction is efficient for capturing sub-micron particles with no increase in pres-
sure drop [3]. On the other hand, the filtration state will alter when the fibers of the 
filter fabrics are within nanoscale. By means of charging techniques namely corona 
charging, tribocharging, and electrospinning the aerodynamic behavior of airflow 
around the filter can be made [4]. Nevertheless, the charges will decompose steadily 
during use or long-term storage.

4. Polymeric materials used in face masks

Fibers are the tiniest component of a textile structure and their characteristic 
features are mainly dependent on their physical and chemical properties. Fibers 
with irregular surfaces/irregular cross-sections have the capability to trap particles 
efficiently than the fibers with smooth surface/regular cross-sections. Cotton is 
characterized by convolutions, ideal for capturing small particles. Viscose rayon 
fibers have striations, which offer certain irregularity to the fibers surface. However, 
these striations are not as effective in inhibiting particle movements as in cotton 
fibers. Synthetic fibers such as polypropylene, polyester and nylon intrinsically pos-
sess smooth surface structure and round cross-sections that permit particles to cer-
tainly slide by the fiber. The smooth and round cross-section also creates capillary 
forces between fibers. Synthetic fibers with different and irregular cross-sections 
can be manufactured by using suitable spinnerets during fiber manufacture process 
and irregularity in the fiber structure can be made by means of texturisation 
process. Polyester fibers with longitudinal channels possess good wicking property. 
Fiber length is another factor influencing the fabric barrier properties. Longer 
fibers are not much effective in capturing small particles than shorter fibers [10].

Commonly used materials for face masks applications includes polypro-
pylene, polyesters, polyamides polyphenylene oxide and polycarbonates. 
Trifluorochloroethylene is a kind of fluorinated polymers is also used for face 
mask applications. In general, hydrophobic and thermoplastic polymers are pre-
ferred. One of the main advantage of using polypropylene fiber in face mask is its 
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nonabsorbent properties. Antibacterial face mask has been prepared from poly-
propylene by treating it with dimethyl-dioctadecyl-ammonium bromide. The face 
mask showed good resistance against bacteria [6]. Madsen et al. [11] analyzed the 
filtration efficacy of face masks made from polypropylene, polyester, glass fiber and 
cellulose material. The polypropylene showed highest filtration efficiency followed 
by polyester, glass and cellulose material. The filtration efficiencies of several com-
monly available fabrics from silk, cotton, flannel, chiffon, and synthetic fibers has 
been evaluated by Konda et al. [12]. It is observed that for particle sizes of <300 nm, 
the filtration efficiencies ranged from 5–80% whereas, for particle sizes >300 nm, 
filtration efficiencies ranged from 5–95%. It is also noted that the face mask 
produced from cotton-flannel, cotton-chiffon and cotton-silk showed more than 
80% filtration efficiency for particle size less than 300 nm and also showed 90% 
filtration efficiency for particle size greater than 300 nm. Recently, micro fibers and 
nanofibers are gaining greater attention due to its unique features.

5. Technology of Manufacturing Face mask

The filtration efficiency of a face mask depends on several factors including 
fiber type, fiber’s cross-sectional shape, technology of manufacture and web’s struc-
ture. There are several methods to develop fibrous matt that can be used as filters 
in masks. Face masks are generally prepared from nonwoven fabrics as nonwoven 
fabrics offers superior filtration efficiencies than woven or knitted fabrics owing to 
their randomness and 3D structure which permits higher thickness which increases 
the particle travel distance. Layered nonwoven structures can also be used for the 
development of face masks. The key nonwoven technology for manufacturing 
face masks includes melt blown, spun bonding and electrospinning [3]. Table 3 
shows the characteristics of various nonwoven technologies for manufacturing face 
masks [3].

Factors Melt blowing Spun bonding Electrospinning

Extrusion A high-velocity air 
propels a molten 
thermoplastic resin 
from extruder

Rotating screw obliges the 
melt to extrude

The charged polymer jet 
is extruded via nozzle and 
drawn with the help of 
applied electrostatic force

Bonding Self-bonding of fibrous 
web in the air.

Bonding by means of 
mechanical, chemical or 
thermal method

Thermal bonding used as a 
post-processing treatment 
can enhance the strength 
of fibers.

Die Hot air converges with 
the fiber as it come out 
from the die

Hot air flow is at a cross 
flow to the out coming 
fiber

Positive charge is applied at 
extruder.

Fiber diameter Ranges from 1 to 5 μm Ranges from 15 to 50 μm Ranges from 100 nm to 
500 nm

Applications Surgical face masks, 
gas filtration, liquid 
filtration, cartridge 
filters and clean room 
filters

Hygiene and healthcare 
textiles, disposable 
diapers, automotive 
industry, filtration, civil 
engineering, carpet 
backings packaging.

Tissue engineering, wound 
dressing, drug delivery 
and cosmetics, protective 
clothing, filters and smart 
textiles

Table 3. 
Characteristics of various nonwoven technologies for manufacturing face masks [3].
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5.1 Melt blown technology

In this technique, a high-velocity air blows a molten thermoplastic polymer from 
an extruder die with hundreds of tiny nozzles onto a conveyor or take-up screen to 
structure a fine fibrous and self-bonded web. The fibers produced via such method 
have relatively small diameters (1–5 mm) and thus, the pore size is much smaller, 
this makes them superior in filtration performance [13]. Hence, this technology is 
mostly used for the development of nonwoven fabrics for various filtration applica-
tions such as respirators, surgical face masks, liquid filters, cartridge filters and 
clean room filters. By introducing electrostatic charges and superabsorbent polymer 
in melt blown polymer fibers it is possible to improve the particle capturing effi-
ciency, air moisture absorption capability and hygienic comfort [3].

Electrostatic-assisted melt blown fabric has been developed by applying electro-
static field directly to the meltblown spinning head [14]. The mean pore diameter 
of polypropylene microfibers formed using this technique reduced from 1.69 to 
0.96 mm, this also resulted in a narrow fiber size distribution. The mean average 
pore size of conventional melt blown and electrostatic-assisted melt blown fabric 
were 33.415 mm and 29.285 mm, respectively [14]. The application of electrostatic 
force resulted in decreased pore size and mean fiber diameter for electrostatic-
assisted melt blown fabric. It is also observed that electrostatic-assisted melt blown 
fabric had better filtration efficiency than conventional meltblown fabric [14]. For 
0.3 mm particle size, the filtration efficiencies of conventional melt blown fabric 
and electrostatic-assisted melt blown fabric were 40.65% and 50.82%, respectively. 
Also, for 1 mm particle size, the filtration efficiencies were 73.98% and 86.44% 
and for 2.5 mm particle sizes, the filtration efficiencies were 95.35% and 98.96%, 
respectively [3, 14]. With reduced fiber diameter, the pore size also reduces and the 
even distribution of fibers per unit area increases this gives the particles additional 
chance to adhere to the nonwoven fabric [3]. Furthermore, electrostatic-assisted 
melt blown fabric shows good adsorption ability than conventional fabrics. Melt 
blown technology has also been used to develop N95 respirator mask filters and 
surgical mask filters. The melt blown fabrics are the most important filter of face 
masks that arrests the bacteria as well as microbes from entering or exiting the 
mask. Polypropylene is the most widely used material to produce surgical face 
mask. The porosity ranges from 75 to 95% and the basis weight of polypropylene 
web is around 5–1000 g/m2. Polycarbonate, polystyrene, polyethylene, or polyester 
compositions are also used to prepare face masks [3].

5.2 Spun bonding technology

In this process, molten polymer is extruded onto a conveyor belt via spinneret. 
Extrusion is a process where the polymeric chips are generally fed into an extruder 
containing a rotating screw in a heated barrel in which polymer chips are mixed, 
then melted and finally pumped through a die, that gives the fibers a uniform thin 
profile and can also endure higher temperatures. Prepared fibers are then quenched 
by a cool air, and are collected on a conveyor belt and then are additionally bonded 
by means of thermal, mechanical or chemical means to form the spun bonded 
nonwoven fabric. The developed spun bonded fabric have random fibrous structure 
with a weight ranging from 5 to 800 g/m2, the thickness of the web range from 
0.1 to 4.0 mm, and the diameter of the fiber vary from 1 to 50 mm [15]. When the 
fiber diameter decreases, the pore size of the nonwoven fabric decreases; resulting 
in more even allotment of fibers which increases the particle capturing efficacy. 
Polymers such as polyester, polypropylene, polyethylene, nylon, polyurethane, 
etc. are appropriate polymers for the spun bonding process [16]. Among different 
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polymers, isotactic polypropylene is one of the most extensively used polymer for 
spunbonded nonwoven fabric manufacture as polypropylene is relatively economi-
cal and offers the highest yield (fiber per kilogram). The polypropylene based 
nonwoven products offers lowest density [3].

5.3 Electro spinning

Electro spinning is a method wherein a polymer based solution is discharged 
with the help of electric field. The polymeric fluid becomes finer as it passes 
through the electromagnetic field and deposits on a plate ensuing the production 
of nonwoven nano-fibrous web. The negative charge is supplied at the collector and 
positive charge is supplied at the nozzle making the fluid jet to acquire charge at 
the nozzle tip for the creation of Taylor cone. Charged polymeric fluid is extruded 
through the nozzle and are drawn by the electrostatic force [17]. As the jet speed 
up and thins in the electrical field, radial charge repulsion results in splitting the 
primary jet into numerous filaments, known as “splaying’, thereby manufactur-
ing polymeric nanofibers which are electrically charged which are collected at 
the collector. By means of the subsidiary jets formed, the mean fiber diameter is 
determined which ranges from 100 nm to 500 nm and the structure and properties 
of nanofibers is mainly affected by electrostatic forces and viscoelastic behavior of 
the polymer [18].

In order to examine the relationship between the fiber diameter and volume 
charge density, a model for the fluid jet inside the electric field has been developed 
by Fridrikh et al. [19]. The model predicts a terminal jet diameter, which is a result 
of balance between normal stresses owing to surface charge repulsion and surface 
tension. It can be found from electrical current, flow rate and the surface tension of 
the fluid. In another study polyacrylonitrile polymer was used to produce patterned 
nanofibrous membranes through electro spinning technique [20]. The bulged 
bubble template was used as collector for manufacturing the patterned membrane. 
They noted that though the pressure drop reduced in the range of 151.7 to 24.7 mm 
H2O, the filtration efficiency reduced only in the range 99.94% to 96.33% when 
compared to nanofibrous filter [20].

In air filtration applications, reducing the pressure drop and maintaining filtration 
efficiency play an important role in patterned nanofibers manufacture. The results 
suggest that electrospinning could be a possible option to produce nanofibrous mem-
branes which can be used in filters to manage hazardous ultrafine particles such as 
viruses. Electro spun nanofibrous nonwoven mats can be effectively used for the fil-
tration of submicron and nanoparticles for enhanced health protection from different 
contaminants (e.g. coronavirus). Lackowski et al. [21] reported that these nonwoven 
mats encompass higher filtration efficiency for nano and submicron particles, which 
are superior than high efficiency particulate air filters having a filtration efficiency 
of 99.97% for the particle of size 0.3 micron. The filter created by an electrospinning 
process is generally charged and due to the presence of electrostatic force it has very 
high filtration efficiency. The commonly used polymeric materials includes polyvinyl 
chloride (PVC) and poly vinylidene fluoride (PVDF) [3].

6. Recent developments in face masks

6.1 3D-printed masks

Polypropylene due to its unique features such as easy processability, printability, 
recyclability, mechanical integrity and low cost, it is normally used for various 
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technical and industrial applications [4, 6]. Alternatively, styrene-(ethylene-
butylene)-styrene is a polymeric elastomer which has low processing temperature 
and low distortion during extrusion. Thus, the combination of polypropylene 
and styrene-(ethylene-butylene)-styrene can be used for the processability of 3D 
printed N95 face masks. Furthermore, it could manage the thermoplastic elasto-
meric ratio tailoring the elasticity and flexibility of the 3D model material to have a 
fitted face masks. Accordingly, 3D printing procedure is suitable to produce stable 
and biocompatible N95 masks that are similar to industrial brands [22]. Swennen et 
al. [23] fabricated a re-usable face mask by employing 3D printing procedure based 
on the materials and methods (3D imaging and 3D printing). In a 3D protective 
face mask there are two 3D-printed reusable polyamide composite components (a 
filter membrane support and a face mask) and two disposable components (filter 
membrane and head fixation band). The 3D modeling of the masks can be made 
quickly using computer-aided design. Cai et al. [24] developed a new technology for 
enhancing the wearing comfort and fit by using a three-dimensional laser scanning 
method. Acrylonitrile butadiene styrene plastic using the 3D printing method is 
employed to make the face seal prototypes.

6.2 The nostril filters

The use of nostril filters is an added innovative approach to protect individuals 
from airborne allergenic particles. The nasal filters located inside the nasal passages 
are thought to prevent airborne particles coming to the respiratory system. The con-
ventional nasal filters are usually from non-woven web, woven nontoxic mesh, or 
porous filters. It reduces every day runny nose and sneezing by an average 12% and 
45%, respectively [4]. Electrospinning technology enabled nasal filters are more 
effective in catching nanoparticles before entering into the host and also provides 
features such as flexibility and minimum pressure drop [25]. Nanofiber nasal filter 
(NNF) has been prepared by overlaying a carbon filter substrate onto electrospun 
nylon nanofibers [26]. The filtering efficiency of the filter is more than 90% for 
particles greater than 1 μm and 50% efficiency for particles less than 0.5 μm. These 
filters have immense potential in personal protective equipment against exposure to 
ultrafine particles [4].

6.3 Transparent mask

There is a communication difficulty between the deaf-mute patient and the 
doctor while wearing a mask. The filter fabric with high optical lucidity can be worn 
for personal protective equipment while making lip-reading available. On the other 
hand, there are some challenges in creating a transparent mask and maintaining the 
filtration efficiency [4]. Electrospinning technology was employed to develop pat-
terned nanofiber air filters with high optical transparency and effective particulate 
matter 2.5 capture capability [27]. Developed patterned nanofibers showed high 
particulate matter 2.5 filtration efficiency of 99.99% and high porosity (>80%) with 
69% transmittance. Liu et al. developed bilayer electrospun nanofibrous mat from 
poly (methylmethacrylate) and polydimethylsiloxane. They nonwoven mat showed 
particulate matter filtration efficiency of over 96% with high optical transmittance 
86% [28]. The transparent nanofiber filter is reusable with the ability to retain high 
particulate matter removal efficiency even after five washing cycles. In a recently 
study, biodegradable face mask with a hierarchical structure and transparent look 
has been prepared by printing polylactic acid polymer struts on a polylactic acid 
nanofiber web by means of electrospinning and 3D printing technology [4, 28]. 
Hello Mask has been developed by researchers via electrospinning technology [29]. 
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The transparent face mask contains very fine membranes with a pore size of around 
100 nanometers, this offers efficient protection against pathogens.

7. Common tests used for respirators and surgical masks

The ASTM standards given by FDA, as the certified standard in the US. 
Standards ASTM F2100–11 (2011), indicates the performance necessities for the 
respirators and the face masks. The face masks are classified depending on the 
performance according to various testing namely breathability, bacterial filtration 
efficiency, flammability, fluid resistance etc. Table 4 shows the ASTM F2100–11 
levels of protection for face mask selection.

7.1 Bacterial filtration efficiency

Bacterial filtration efficiency (BFE) can be performed as per American society 
of testing and materials (ASTM) F2101 protocol. This test procedure determines 
the ability of the face masks to prevent the penetration of microorganisms gener-
ated through various activities namely sneezing, coughing and speech. As per this 
this test standard, the fabric face mask is placed between an aerosol chamber and 
a six-stage cascade impactor. The aerosol from Staphylococcus aureus is fetched into 
the chamber and using vacuum it is allowed to pass through the mask material. 
The air flow rate during testing is maintained at 28 L/min. For a minute duration, 

ASTM F2100–11 
Levels

Resistance to 
penetration 
by synthetic 

blood, 
minimum 

pressure in mm 
Hg for pass 

result

Differential 
pressure, 

mm H20/cm2 
(Breathability)

Bacterial 
filtration 
efficiency

Sub-micron 
particulates 

filtration 
efficient at 0.1 

micron

Flame 
spread

Level 1: Low 
barrier protection

General use for 
short procedures 
and exams that 
do not involve 
aerosols, spray or 
fluids

80 mm Hg < 4.0 ≥ 95% ≥ 95% Class1

Level 2: Moderate 
barrier protection

For low to 
moderate levels 
of aerosols, spray 
and/or fluids

120 mm Hg < 5.0 ≥ 98% ≥ 98% Class1

Level 3: Maximum 
barrier protection

For heavy levels 
of aerosols, spray 
and/or fluids

160 mm Hg < 5.0 ≥ 98% ≥ 98% Class1

Table 4. 
ASTM F2100–11 levels of protection for face mask selection.
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Staphylococcus aureus aerosol is passed to the nebulizer. Subsequently, cascade 
impactor and the air pressure is allowed to pass through the sample for two minutes. 
The concentration of the Staphylococcus aureus aerosol plays important role, hence 
it requires to be monitored and may be kept at 2200 ± 500 CFU per test. The mean 
value of diameter of the bacteria aerosol and the geometric standard deviation must 
be in the range of 3.0 ± 0.3 μm and 1.5 respectively.

 ( )C F
100

C
BFE

−
=  (1)

where C and F indicates the amount of bacteria colonies present in the control 
and in the presence of the filter, respectively.

7.2 Particulate filtration efficiency

Particulate filtration efficiency method can be determined as per American soci-
ety of testing and materials (ASTM) F2299 protocol, and denotes the quality of the 
surgical masks. The test methods measure the quality of the face masks for filtering 
the particles with various sizes. According to the FDA regulation certificate, the 
Particulate filtration efficiency test can be performed using the 0.1 μm polystyrene 
latex particles. The utilization of latex spheres provides an accurate test for deter-
mining a submicron efficiency performance. The polystyrene latex particles have 
been suspended in water, and the aerosols were produced using the particle genera-
tor, which is generally adaptable and can offer the favorable particles concentration. 
Particle counter downstream can be used to count the particles. The concentration 
of the aerosol can be attuned from 10,000 to 15,000 particles by feeding through 
the drying chamber by means of HEPA filtered air. As per the FDA protocols, the 
used particles are not charge neutralized.

7.3 Viral filtration efficiency

The viral filtration efficiency is normally measured for some face mask such 
as N95 and N99. In fact this test procedure is similar to ASTM F2101 followed 
for determining bacterial filtration efficiency. In this method, the bacteriophage 
ΦX174, contaminates the bacteria namely Escherichia coli is utilized as the experi-
ment virus which is aerosolized to produce virus holding water droplets with 
approximate size of 3:0 ± 0:3 μm. In this method, the agar plates are first inoculated 
with Escherichia coli. As a result, the bacterial cells are lysed to produce plaques 
and hence parts in contact with the viral droplets become clear. The viral filtration 
efficiency can be determined by calculating the amount of bacteria colonies present 
in the control and in the presence of the filter as explained in bacterial filtration 
efficiency method.

7.4 Fluid resistance

This test method predicts the capability of the masks and respirators to lower the 
squirted synthetic blood or sprayed fluid which can go through the outer layer of 
the mask and transmit through the inner part by altering the pressure. As per ASTM 
F 1862, the penetration resistance capability of the medical face mask is calculated 
using the high-velocity synthetic blood, which is in contact with the surface layer 
of the face mask (in a particular time between 0 s and 2.5 s). Some factors such as 
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viscosity polarity, the structure, surface tension, and the relative hydrophobicity 
or hydrophilicity of the face mask material have shown considerable effect on the 
penetration and the wetting of the body fluids. By regulating the surface tension 
of synthetic blood, the wetting properties of blood can be simulated which must 
be lower than the surface tension range for body fluids, blood excluding saliva 
approximately in the range of 0.042 Nm_1 to 0.060 Nm_1.

7.5 Flame resistance

The hospitals contain various sources of the oxygen, heat, and fuel, the ASTM 
F2100–11 standards needs an assessment concerning the flame resistance for face 
masks. The used material for face masks should not contain any hazards for the 
consumer, and their flammability characteristics should not be high. The sample 
mask used for the flammability test should not be flamed or remain in flame after 
five seconds from burning. The flame spread test determines the time required for 
the flame to reach the sample in 5 inch distance. “Class 1” corresponds to group of the 
materials, which have standard flame resistance, and they are appropriate for the use 
in face masks and respirators.

7.6 Differential pressure (Delta-P)

The differential pressure test provides information regarding airflow resistance 
of the face masks and their breathability characteristics. While performing the test, 
air passes through the face mask in a controlled way, and different pressures are 
determined for the inner and outer layers of the face mask. The ratio of differential 
value to the surface area (cm2) of the face mask is used to determine the breathabil-
ity, where high Delta P values denotes a harder breath for the consumers. ΔP can be 
measured through following relationship.

ΔP = PM/4.9, where PM denotes the mean value of the differential pressure of 
the face mask, in Pa. As per ASTM F2100–11, the minimum value for Delta P must 
be lower than 5.0 mm H2O/cm2 (or not more than 49 Pa). The Delta P values which 
are lesser than 0.2 or greater than 0.5 are not considered as standard values for the 
common surgical use.

8. Conclusions

Wearing a mask is a main factor to retard the spread of the virus. A summary 
of different types of face masks is discussed in relation to the structure and per-
formance in filtering out the bacteria and viruses. Comparison of properties of 
nonwoven technology such as melt blown, spun bonding and electro spinning for 
manufacturing face masks has been discussed. Several researchers are currently 
making large efforts to innovatively develop 3D-printed respirators, transparent 
and nostril filters, responding to COVID-19. The progression of advanced masks 
and respirators will play a critical role in providing protection against COVID-19.
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Chapter 10

Antimicrobial Functional Textiles
Jamiu Mosebolatan Jabar

Abstract

Most textile materials are potential substrates for microbial growth. In order to 
make textile materials suitable as functional materials, the microbial growth must 
be reduced to the barest minimum or quenched due to their undesirable effects; 
such as offensive odor, discoloration, degradation, mechanical strength reduction 
etc. Chemical finishing of textile materials (such as application of silver nanoparti-
cles, quaternary ammonium compounds, chitosan, some synthetic and natural dyes 
to mention a few) is capable of imparting this functional property among others to 
the textiles. Although, mechanism of antimicrobial activities of treated textiles is 
yet to be clearly defined, but in most cases, antimicrobial action of treated textiles 
usually occurs through interaction of cation in antimicrobial agents with anionic 
charged microbial cell wall. Antimicrobial treated textiles are usually less prone to 
offensive odor, discoloration, deteriorating mechanical properties and make the 
consumers free of skin problems. In fact, they can be used as cheap materials for 
production of hospital gowns, hand gloves and face masks for containing microor-
ganism borne diseases, such as the current Covid-19 pandemic.

Keywords: Antimicrobial, Cell wall, Chemical finishing, Covid-19, Offensive odor, 
Skin, Textiles

1. Introduction

Wide varieties of textile materials are available in the market. Each of them is 
meant for a particular purpose; ranging from covering nakedness, decoration to 
medical purpose [1]. Moisture content (MC) and moisture regain (MR) are some of 
the important properties to be considered for chosen these materials for intending 
purpose. Generally, natural fibers are of relatively high MC and MR when com-
pared with man-made fibers [2]. Hence, they are more prone to microbial attack 
than their man-made counterparts, due to combination of fiber’s moisture and 
warm environment (body temperature between 36 and 38°C) that favors microbial 
growth on textile substrates.

Therefore, many textile materials especially those from natural source are 
potential media for microbial growth in their unmodified form. The major demerits 
of microbial growth in textile materials are offensive odor, discoloration, staining 
and mechanical strength reduction. At times, microbial growth on clothing materi-
als may cause dermal infection on the skin of the wearers [1]. These effects are 
more likely to occur in natural textile materials. They are disliked by textile manu-
facturers and therefore, need to be avoided to the barest maximum [3]. Several 
researchers have tried in one way or the other to work on textile fibers (especially 
the natural fibers) in order to reduce the rate at which they get attacked by micro-
organisms. Bhuiyan et al. [3] reported Lawsonia inermis L dyed jute fabric to have a 
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good microbial inhibition and when surface modified with chitosan the percentage 
inhibition greatly improved. Hong [4] observed that tannin mordanted spent coffee 
grounds dyed wool fabric inhibited above 95% of microbial growth. Jabar et al. [1] 
reported that 1, 3-bis[(furan-2-l) methylene]thiourea functional dyed wool and 
cotton fabrics have excellent fungi inhibition.

This section will focus on after-treatments modification of natural fibers, since 
they are more associated with microbial attacks.

2. After-treatment modification of textile materials

The after-treatment of these fibers is meant to modify their surfaces for 
combating microorganisms when in contact with them. Although, some of the 
chemical finishing agents do not only modify the surface of textile materials but 
as well form chemical bond with textile matrix. The commonly used reagents for 
production of antimicrobial textile materials are silver compounds/composites and 
quaternary ammonium compounds [5]. High cost and environmental awareness 
on these compounds made researchers to be looking for low cost and environment 
friendly alternative from naturally derived materials. The reagents reported for this 
purpose are chitosan, natural and synthetic dyes [6].

How these reagents perform their roles as antimicrobial agents on textiles will be 
discussed in the below sub-sections.

2.1 Silver compounds/composites

Silver in form of chloride, nano-particle, organo-silver or composite is used 
as antimicrobial agent for textile material. The application of these antimicrobial 
agents to man-made textile materials (silk inclusive) can be through pad-dry, 
coating, spray, foam technique or can be done directly by their inclusion in spinning 
dope during spinning operation. Their application on natural textile materials is 
often done through exhaustion in aqueous solution or done during dyeing operation 
[7]. Addition of stabilizing agent (e.g. propylene glycol, sodium salt of alkyl sulfate, 
polyethylamine, polyethylpyrrolidine, dendrimers etc.) to any of these antimicro-
bial agents during aqueous application performs triple functions. Foremost, it pre-
vents precipitation/agglomeration of the antimicrobial agent in solution. Polymeric 
stabilizing agents form silver–polymer giant molecules that enhance performance 
of antimicrobial agent in natural textile substrates and lastly, it reduces probability 
of Ag+ bleeding out from textile substrates [2].

The way and manner silver performs anti-microbial function in textile sub-
strates is yet to be clearly identified [2]. The general belief is that Ag+ will be 
released slowly from silver–polymer complex in textile matrix or surface and 
diffused into the microbial cell(s) when in contact with micro-organisms. Diffusion 
of Ag+ into the microbial cell’s site hinders activities of microorganisms and finally 
destroys them. This action is usually a very fast action that occurs within few min-
utes of contact with microorganisms. Although, silver radical (Ag*) may be formed 
along with Ag+ released from silver–polymer complex or formed separately instead 
of the release of Ag+. When in contact with microorganisms, Ag* attacks microbial 
cell’s protein structure, destroys it and kills the microorganisms. Although, silver 
antimicrobial agent applied to natural textile substrates through exhaustion are 
usually active for more than fifty cycles of laundry operation, but the slow release 
of Ag+/Ag* from silver–polymer complex results into reduction in quantity of avail-
able silver in the functional textiles [5]. The one applied through pad-dry, coating, 
spray or foam technique may no longer active after few laundry operations. These 



211

Antimicrobial Functional Textiles
DOI: http://dx.doi.org/10.5772/intechopen.97806

antimicrobial agents are used for production of cloths for active underwear gar-
ment, socks and sport wears. They are equally useful in production of antimicrobial 
cloths for medical applications, such as towels, wound dressing, mattresses spread 
sheets and pillow cases [7].

Silica matrix stabilizes silver nanoparticles (Figure 1) induced exceptional 
antimicrobial property onto textile substrates. Silver nanoparticles are weakly 
held within the silica matrix by physical forces and the release of Ag+ for attack-
ing microorganism is gradual over a long period of time. Application of anti-
microbial film prepared from mixture of silver nanoparticles and fluoroalkyl 
siloxane (FAS) on textile substrates induces a better antimicrobial functional 
property on textiles [2].

It is essentially useful in production of clothing materials for medical applica-
tions and home textiles [3].

However, high cost of silver containing substances made researchers to be 
looking for low cost and effective alternatives as antimicrobial agents for inducing 
antimicrobial property onto the textile substrates [5].

2.2 Quaternary ammonium compounds

Quaternary ammonium compounds (Figure 2) are applied to textile substrates 
as antimicrobial agents through sol–gel chemistry.

Organic–inorganic gel network structure of quaternary ammonium compound 
can be applied in continuous liquid phase through pad-dry-cure process to form 
thin film of about 10 nm thickness on textile surface [2]. Prior to curing process 
between temperature of 140 and 170°C, the thin nano-composite of quaternary 
ammonium compound film links to textile substrate (e.g. cotton) through covalent 
bond formation (Figure 3) [6–7].

Figure 1. 
Silver nanoparticles weakly held in silica matrix.
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The covalent bond formed imparts excellent durability to the textile through 
strong bond of attraction between the antimicrobial thin film and textile substrate. 
It also gives a control action of cationic quaternary ammonium compound against 
microorganism when in contact with textile surface. The cationic charge on the 
antimicrobial agent formed complex with anionic charged microbial cell mem-
brane, thereby hindering microbial activity and finally kill the microorganism [2]. 
Just like in Ag+ nanoparticles treated antimicrobial textiles, Quaternary ammonium 
compound treated cloths are equally useful for medical and domestic applications 
such as towels, wound dressing, mattresses spread sheets and pillow cases, mat-
tresses and window blind.

Figure 2. 
Trimethylsilyl-propyldimethyloctadecyl ammonium chloride.

Figure 3. 
Propyldimethyloctadecylammonium chloro silicone pad-dry-cured textile substrate.
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Recent investigation has shown possibility of preparing antimicrobial precursor 
mixture from combination of quaternary ammonium compound and fluoroalkyl 
siloxane (Figure 4). Application of this antimicrobial mixture on textile substrates 
inhibits microbial growth very effectively. The unique features of this antimicro-
bial mixture besides the primary property are lowering tendency of adhesion of 
microorganism to textile substrates (by lowering fiber surface energy), importation 
of oleophobic and superhydrophobic properties to the textile fibers [2]. Therefore, 
it can be said that textile material treated with this mixture will possess multi-
functional properties for use in production of out-door textiles (non-skin contact 
textiles), such as marquees, tarpaulins and awnings.

2.3 Chitosan

Chitosan (2-amino-2-deoxy- (1, 4)-𝛽𝛽-D-glucopyranan) is a product of partial 
deacetylation reaction of chitin (Figure 5) obtained from shell of snails, crayfish, 
lobsters, cuttlefish, fungi cell walls, crabs and shrimps. It is most abundant natural 
polymer after cellulose. Chitosan is a polysaccharide with molecular structure 
similar to cellulose, apart from presence of nitrogen in its structure [6].

Chitosan has distinctive properties, such as antimicrobial activity, biodegrad-
ability, non-toxicity, solubility in both mineral and organic acids [7]. These 
properties account for its suitability as antimicrobial agent in textile production. 
Just like in Ag+, the mechanism of its antimicrobial activities is not clearly under-
stood. Although, it is generally believed that interaction of positively charged 

Figure 4. 
Antimicrobial mixtures on cellulosic fiber.
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chitosan amino group with negatively charged cell membrane of microorganism 
leads to inhibition of microbial growth and eventually results into their death 
[2]. Antimicrobial activity of chitosan can also be through binding of microbial 
DNA by chitosan, which results into microbial cell protein synthesis inhibition. 
Microorganisms’ inability to biosynthesize protein in chitosan environment leads to 
their death [7].

Chitosan can be applied onto textile fibers through exhaustion process and made 
crosslinked giant molecule in fiber matrix through curing process (other possible 
mode of applications are pad-dry, pad-dry-steam and pad-batch) [5]. It is first 
dissolved in acidic medium (of a known concentration) by introduction of a known 
weight of biopolymer in glacial acetic acid (known volume and concentration) for 1 h 
(ripening time) and the mixture stirred mechanically for 2 h for complete dissolu-
tion of chitosan. If the curing process will be through radiation, a known quantity of 
photoinitiator will be added and required volume will be made through addition of 
distilled water [7]. But if curing process will be through thermal, required volume 
of distilled water will be added without addition of photoinitiator. Textile fiber will 
then be inserted into the prepared chitosan solution to be coated through exhaustion 
process, followed by drying at 70°C for about 1 h and cured for 30 min in presence 
of ultraviolet radiation (for photo chitosan cured fibers) or at 170°C (for thermally 
cured fibers-chitosan) [5]. During the curing process chitosan enters into fiber 
matrix in linear biopolymer form and undergoes crosslinking reaction. The curing 
process makes the treated fibers durable, even after several laundry operations [7].

Like in the case of quaternary ammonium compounds, functional antimicrobial 
property of mixture of chitosan and silver nanoparticles has been reported by 
researchers to be better than that of individual agent. Therefore, coating textile 
fibers with mixture of chitosan and silver nanoparticles imparts very good antimi-
crobial property onto them [4]. Chitosan or chitosan/Ag+ coated textile materials are 
very good as surgical garments, gloves and face masks. As a matter of fact, textile 
materials made of these antimicrobial agents are going to be good wears for Covid-19 
front line workers and general populace to combat the current pandemic virus.

2.4 Synthetic dyes

These are developed in laboratory, from existing natural coloring materials to 
alleviate demerits fund in natural dyes/pigments. Some of the demerits of natural 
coloring matters are poor fastness properties, low yield, irreproducibility, lack of 
uniformity and high cost. Therefore, synthetic coloring matters are relatively cheap, 
reproducible and have uniform hue, very good to excellent fastness properties and 
high yield [1, 8]. Previous studies reported bio-based synthetic dyes to possess 
antibiotic, antiviral, antifungal, anti-oxidant, anticancer, anti-malarial, anti-
inflammatory and ultraviolet protective properties [9].

Figure 5. 
Deacetylation of chitin.
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These coloring matters are many and they are mostly applied onto textile fibers 
through exhaustion process. Pigments are mostly applied through coating or print-
ing process [8].

It was reported by researchers that many synthetic dyes (especially Schiff base 
dyes) have antimicrobial property. In previous study, it was reported that syn-
thesized novel 1, 3-bis[(furan-2-l) methylene]thiourea functional dyed wool and 
cotton fabrics have above 70% anti-fungi inhibition against Fusarium oxysporum, 
Colletotrichum gloeosporioides and Cercospora zeaemaydis fungi and moderate antibi-
otic property against Staphylococcus aureus (Gram-positive), Pseudomonas aeruginosa 
and Xanthomonas axonopodis (Gram-negative) bacteria. This study was jointly 
carried out at Textile and Polymer research laboratory, Department of Chemistry, 
Federal University of Technology, Akure, Nigeria and Industrial and Environmental 
Unit, Department of Chemical Sciences, College of Natural and Applied Sciences, 
Fountain University, Osogbo, Nigeria.

2.5 Natural dyes

Natural dyes are generally soluble in water and as a result, they are usually 
applied onto textile fibers through exhaustion technique [8]. Due to environmental 
awareness, there is interest restoration in the use of natural dyes for coloration of 
textiles. Besides this major reason of their application on textiles, many of them 
do impart antimicrobial property onto the textiles. The way and manner of their 
antimicrobial activity on textile fibers has not been clearly defined. Although, it 
was reported by Soares et al. [10] that antimicrobial active compounds in dyes are 
phenolics, terpenoids and anthraquinones. The cationic charge on these com-
pounds interacts with anionic charged microbial cell wall to resist cell growth and 
facilitate microbial death.

Poor fastness properties that are associated with natural dye dyed fibers are 
usually overcome through the use of metal salts or compounds as mordant. If metal 
salt like silver nitrate is used as mordant prior to dyeing of textile material with 
natural dye, dual enrichment given to the dye on fiber matrix are formation of 
covalent bond between dye molecule-metal ions and fiber matrix and antimicrobial 
property enhancement of the natural dye dyed fibers [2]. If natural mordant like 
chitosan solution is used as mordant prior to dyeing process of the fiber, amino 
cationic charge on chitosan boosts antimicrobial property of the dye through deg-
radation of proteineous microbial cell wall of microorganism. It equally enhances 
color strength of the dyed fibers [3]. Antimicrobial synergic effect of chitosan and 
natural dye called henna on jute fibers was studied against Staphylococcus aureus 
and Klebsiella pneumoniae by Bhuiyan et al. [3]. They reported that chitosan mor-
danted dyed fabrics have greater than 90% bacterial reduction. If chitosan is not 
crosslinked in the fiber matrix, dyed fiber mordanted with chitosan may no longer 
durable after the first laundry operation. Hence, natural dye dyed fibers mordanted 
chitosan can be used as wound management fibers in the hospital. Whereas, those 
mordanted with silver compounds are durable after several laundry operations due 
to their covalent bond with fibers. Therefore, they can be used in production of 
under wares, socks, hospital wares, face masks etc.

3. Application of antimicrobial agents onto textile fibers

The antimicrobial chemical reagents can be applied onto the textile fibers 
through (i) exhaustion and (ii) coating/dry pad techniques depending on interac-
tion of fiber matrix with antimicrobial agents [10].
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3.1 Antimicrobial exhaustion on textile fibers

Antimicrobial agents that chemically react with fibers are applied on fibers 
through this technique. Antimicrobial natural and synthetic dyes are usually 
applied through this technique [1].

Exhaustion technique involves solubilization of antimicrobial agent in a suitable 
solvent, immersion of the fibers in the solution and stirs the mixture for specific 
period of time at a particular temperature. At the end of reaction period, the treated 
fibers will be washed under running tap water to get rid of unattached antimicrobial 
molecules [11].

3.2 Coating/dry pad application of antimicrobial agent on textile fibers

Antimicrobial agents that cannot bind chemically with textile fibers are applied 
onto fibers through coating/dry pad technique. Chitosan is a good example of 
antimicrobial agent that can be applied onto fibers through this technique. A detail 
on this technique has been discussed in Section 2.3.

4. Fibers with inherent antimicrobial properties

The fibers reported for inherent antimicrobial properties are flax, bamboo, 
hemp and kapok cellulosic fibers with cationic functional group according to 
Soares et al. [10]. Others are wool and chitosan fibers with amine functional 
groups [2]. The cellulosic antimicrobial fibers function through interaction of 
their polycationic functional group with anionic components of microbs resulting 
into permeability of the microbial cell wall, which eventually leads into death of 
microorganisms.

The textile fibers with amine functional group (wool and chitosan) resist 
microorganisms through linkage of cationic amine group with thio group of 
microbial cellular enzymes, hindering growth and activities of microorganisms and 
of course results into their death [1]. Chitosan yarns prepared through wet spinning 
of dilute acetic acid solubilized chitosan fibers in appropriate alkaline coagulating 
bath are usually used for industrial scale production of wound bandage. Large scale 
production of fabric from chitosan fibers is yet to be reported due to low mechani-
cal strength of chitosan yarn. In medical wound dressing and sutures, chitosan 
performs its wound healing ability through diffusion to the site of bacterial growth, 
reacts with anionic function group in bacteria and puncture the cell wall to kill the 
bacteria [2].

5. Conclusion

Treatment of textile fibers with antimicrobial agents is very essential because 
textile materials are potential media for microbial growth. Microbial growth 
is undesirable to textiles due to formation of offensive odor, discoloration and 
degradation. It also makes the textile consumers uncomfortable and occasionally it 
causes skin problems. Treatment of textiles with silver compounds/nanoparticles, 
quaternary ammonium compounds, chitosan, synthetic and natural dyes or com-
binations of these agents alleviates textile materials from aforementioned inherent 
microbial demerits. Antimicrobial functional textiles are good materials to be 
used in production of surgical gowns, gloves, socks and body masks for containing 
microbial borne diseases like ebola and pandemic Covid-19.
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Chapter 11

Functional Textile for Active Wear 
Clothing
Ramratan Guru, Anupam Kumar and Rohit Kumar

Abstract

Moisture management property is an important aspect of any fabric meant for 
active wear fabric, which decides the comfort level of that fabric specially used as 
active wear garments. Regular physical activity is important to maintain consistency 
in human health. To achieve comfort and functional support during various activi-
ties such as walking, stretching, jogging etc., athletes and sports persons use active 
wear clothing. A fabric’s moisture management performance is also influenced by 
its air and water vapour permeability. The moisture management finish (MMF) 
and Antimicrobial finish (AMF) have been used to increase moisture absorbency; 
improves wetting, wicking action and antimicrobial performance. In this study, 
influence of MMF and AMF finishes on the moisture management property of dif-
ferent knitted active wear fabrics had been carried out. For the study two different 
knit fabrics of 100% Polyester and 100% Nylon with three different GSM levels 
(100, 130 and 160) has been selected. Further two varieties of commercially avail-
able functional fabric finishes have been also taken for the study. The result shows 
that in case of finished fabric at certain concentration level, as the fabric GSM 
increases the value of Accumulative one-way transport index (OWTI) %, water 
vapour permeability but same time drying rate increases. The result shows that in 
case of finished fabric at certain concentration level, as the fabric GSM increases the 
value of accumulative one-way transport index (OWTI) %, water vapour perme-
ability decreases but same time drying rate increases. The knitted fabrics of 100% 
Polyester and 100% Nylon composition follow the similar trend. Further with the 
increase of fabric finish concentration level, OWTI %, and water vapour perme-
ability (WVP) factor decreases while the drying rate increases.

Keywords: Active wear knit fabrics, moisture management, dry rate performance, 
water vapour permeability

1. Introduction

Moisture management properties of knit fabrics are important factors for decid-
ing not only the comfort but also the performance of functional clothing like active 
wear, inner wear and sportswear. Comfort refers to the way clothing interacts with 
the body, with respect to dissipation of heat and moisture generated by the meta-
bolic processes [1, 2]. During normal activity, human body loses heat by conduc-
tion, convection as well as radiation processes. Under normal condition, body cools 
itself by insensible perspiration where water vapour is lost from the body. When 
heat generation is excessive, the body breaks into a sweat or liquid moisture, also 
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known as sensible perspiration [3]. Those properties such as smoothness of the 
fabric surface, air permeability, heat transmittance, hydrophilicity, knit structure, 
and the presence of a bio-finish influence the comfort characteristics of the knitted 
fabric. Active sportswear is mostly made of polyester knitted fabrics. Polyester with 
a modified cross section like hexachannel in coolmax gives more comfort due to its 
rapid liquid transmission and drying [4].

Moisture management properties of fabrics are influenced by various construc-
tional parameters of the fabric which give knit fabric a porous structure. Total 
porosity of a knit fabric comprises two types of porosity, viz. micro porosity caused 
by void spaces among the fibres in the yarns and the macro porosity, which is a 
consequence of void spaces among the yarns. The air permeability, UV transmis-
sion and screen printing depend on the macro porosity; absorption of liquids and 
capillary phenomenon depend on micro porosity; and thermal resistance and water 
vapour permeability of fabric depends on both micro- and macro porosity [5, 6]. 
Interaction of liquids with textile materials involve several physical phenomenon 
such as wetting of fibre surface, transport of liquid into assembly of fibres, adsorp-
tion on the surface or diffusion of liquid into the interiors of fibres, Evaporation of 
sweat during wear has the potential to cool the body besides restricting the addi-
tional weight of sweat being absorbed by the fabric [7].

Moisture is transported in textiles through capillary action or wicking. In tex-
tiles, the spaces between the fibres effectively form tubes, which act as capillaries, 
and transport the liquid away from the surface. The liquid moisture management 
performance of fabrics results from complex properties including their absorbent 
capacity, absorption rate, and evaporation [8, 9]. This observed that the water and 
moisture transmission process is controlled by the water vapour pressure gradient 
across the inner and outer faces of the fabric. The resistance to diffusion was gov-
erned by the fabric construction, i.e. the size and concentration of inter yarn pores 
and the fabric thickness. The efficiency of yarn wicking depends on the surface 
tension, i.e., wet ability of the fibre surfaces and on the size, volume and number of 
capillary spaces was determined by the choice of yarn and fabric construction [10]. 
The length of time for a fabric to dry depends mainly upon the amount of initial 
liquid water retained by the fabric per unit area for evaporation. Also, the drying 
process seems to be related to capillary penetration and porosity of the fabrics. 
The most significant influence of fibre properties was believed to be the manner 
in which fibre shape and surface reflect increased or decreased capillarity of the 
fabric, which in turn causes and enhanced or diminished water uptake on wetting 
and water retention on drying [11]. The noted finish on a fabric is the most impor-
tant consideration when developing a dynamic fabric system, as the initial uptake 
of water depends on the presence of a hydrophilic finish on the fabric surface. This 
initial uptake is the rate-determining step of the wicking action and a hydrophilic 
surface finish enhances the moisture management capabilities of fabrics [12, 13].

Antimicrobial finish is manly important role play for the active or sportswear 
fabrics. The present time is more demand all textile products in better antimicrobial 
performances. Antimicrobial treatment apply on fabric surface are basically more 
reduces cross infection, microbial bacteria and skin infections like fungi and increases 
the performance of sports person infections [14].

Duration the sports activity is more generated sweat and temperature for this 
condition get for more growth bacteria. This bacteria and fungi cause loss for 
sports activity performance, ageing, staining, unpleasant odours and potential skin 
infections.

The basically is during the sports activity generated sweat and increases temper-
ature. In this condition are increase bacteria. This bacteria and fungi cause loss for 
sports activity performance, ageing, staining, unpleasant odours and potential skin.
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2. Fibre use for active or sportswear cloths

Recently some year now, in active sportswear clothing are used for basically 
fashionable with more comfort performance. Active sportswears are one of the 
most lucrative segments within knits apparel. Performance of the clothing helps 
to remain cool, comfort and dry through the moisture management, thermal 
performance and other techniques. Polyester based knit has come up as a favourite 
for the performance of the apparel and also it can be engineered to wick transport 
moistures away from the body for the users’ comforts.

The polyester is most common fibre used in active or sportswear cloths. Other 
fibres are used for active wear cloth like cotton, cotton-polyester, nylon-spandex, 
polyester- spandex, polypropylene and wool blend. Fibre crossection mainly used 
in active or sportswear cloth like irregular cross section and hollow structures fibre 
used [15]. Now it is more use blend with natural fibre in case for active wear cloths 
because improved thermo physiological performances. The basically fibre use 
sportswear clothing are mention in following (Table 1).

3. Design requirement for the active or sportswear cloths

The textile materials are basically used in all sports as active or sportswear, 
games like for athletic clothing, football-cricket clothing, jackets, pants, shirts, 
shorts, socks, sweatshirts, swimwear and tennis clothing.

Plan prerequisites of dynamic and execution athletic apparel have delivered 
architects with abilities and information in illustrations, materials and style to 
imagine tastefully satisfying and ergonomically practical reaches which exploit 
the most recent advances in utilitarian and ‘shrewd’ materials [16]. Driving style 
fashioners have rushed to understand that the presentation has really become 
the feel in athletic apparel. It is the fabrics and innovation that set the precedent. 
Fuse of microfibres, breathable boundary fabrics, inventive stretch materials, 
shrewd materials, intelligent materials, for example, stage change materials 
and shape-memory polymers, and wearable innovation as a piece of the useful 
plan framework in active apparel, will get standard in the item improvement 
measure.

Polyester Nylon 
(Polyamide)

Polypropylene Lycra/Elastane Cotton

Strong Strong Strong Medium strength Strong

Non 
absorbent

Non absorbent Non absorbent Not very absorbent absorbent

Crease 
resistant

Crease 
resistant

Crease resistant Crease resistant Crease easily

Durable hard 
wearing

Durable hard 
wearing

Durable hard 
wearing

Durable so hard 
wearing

Durable

Elastic so 
stretches

Elastic so 
stretches

Elastic so 
stretches

Very elastic So 
stretches well

Not Very elastic so 
does not stretch

Not very 
warm to wear

Not very warm 
to wear

Not very warm 
to wear

To make a stretchy & 
fitting fabric

Cool to wear

Table 1. 
Basically fibre used in active sportswear cloths.
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The development of new materials and designs for active or sportswears 
cloths has produced an exceptionally aggressive market for sports cloths design. 
The desires of customers for active wear sport and sportswear are concert, protec-
tion and comfort associated. The basically are all activewear cloths need for light 
weight, more durable, fast absorbing performance, heat- liquid regulating materials 
mainly used for functional design sportswear (Tables 2–7).

Knitted fabric is commonly used as base layer for functionally active wear due to 
greater elasticity and stretch ability compared to woven cloth, which is very impera-
tive for freedom of body movement in sports. The tactile sensations by clothing 

Requirements Mechanisms Role of material designing

• External climate

• Thermo physiological 
requirement

• Physical and mechanical 
requirements

• Protection and maintenance

• Mechanism of thermo physi-
ological comfort

• Stretch ability and comfort

• Functional finishes protection 
and maintenance

Designing of sportswear based 
on the knowledge of textile 
properties and construction, 
along with the characteristics of 
other materials
(E.g. membrane, coatings etc.), in 
combination.

Table 3. 
Designing process for active sportswear cloths.

Single jersey Rib Interlock

High extensible in length & width Excellent width elasticity Width wise stretch

The fabric has tendency to curl. No tendency to curl No tendency to curl

Use for sportswear & undergarment Use for sportswear & collar, 
cuffs, socks

Shorts, tops & sports, 
technical textile

Table 2. 
Commercially use knitted structure for active sportswear.

Functional properties Aesthetic properties Other properties

Light weight, high tenacity, 
more stretch ability, thermal 
preservation, Antimicrobial- UV 
resistance, more cooling capacity, 
more sweat absorption, quickly 
drying performance, liquid-
vapour permeability and moisture 
management performances basically 
are requirement.

Feeling of softness, 
surface texture, handle, 
shine, colour discrepancy, 
transparency and comfort 
in sports wear are essential 
factors.

Protection: From wind water and 
undesirable climate
Insulation: Safety from cold
Vapour permeability: To make 
certain that body vapour passes 
outward through all layers of the 
clothing system.
Stretch ability: To offer the 
freedom of movement essential 
in sports.

Table 4. 
Basic requirement for active sportswear cloths.

Properties Yarn 1 Yarn 2

Type Polyester filament yarn Nylon filament yarn

Blend 100% 100%

Yarn fineness (Denier) 120 D 120 D

No. of filaments in cross-section 75 75

Table 5. 
Characteristics of yarn polyester and nylon.
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in direct contact with the wearer skin makes wearer more relaxed due to uneven 
surfaces provided by the knitted fabrics in comparison to smooth-surfaced woven 
cloth. In addition, the lesser number of contact points of fabric with skin results in 
reduced clinging sensation during sweat-wetted skin [17].

4.  Basic mechanism in thermal and moisture transmission though active 
wear clothing

The basic process implicated in heat and vapour transport is essential aspect 
which effects dynamic comfort of active wear garments. The basic phenomena 
heat can be transferred within active wear in the shape of conduction, con-
vection, radiation and concealed heat transfer by vapour - liquid transport. 
Conduction, convection and radiation are overwhelmed by the temperature 
distinction between skin surface and climate and are thusly assembled as dry 
heat transfer. Then again, dormant heat transfer is accomplished by moisture 
transmission identified with water vapour pressure between the skin surface 
and the climate [18–20].

4.1 Essentials of heat transfer through garments system

The active wear fabric layers can by heat transfer from conduction, convection, 
radiation and wind penetration mechanisms as shown in Figure 1.

4.2 Essentials of moisture transfer through garments system

The basic phenomena moisture form garment may be transfer in liquid- vapour 
form. In vapour structure extraordinary framework like diffusion, sorption, 
absorption, convection and condensation are included while if there should arise an 
occurrence of liquid structure wetting and wicking are two components which are 
for the most part happen as shown in Figure 2.

Sample & blend ratio Polyester (100%) Nylon (100%)

GSM (g/m2) 100 130 160 100 130 160

Wales Per cm 22.04 17.32 22.04 22.44 22.04 21.25

Courses Per cm 16.53 20.47 16.53 17.32 16.92 16.53

Stitch density (Loop/cm2) 364.32 354.54 364.32 388.66 372.91 351.26

Loop length (mm) 2.3 2.2 1.9 2.4 2.2 1.9

Count (Tex) 10 15 21 9 14 21

Table 7. 
Fabric geometrical characteristics.

Parameters Polyester Nylon

Breaking force (gf) 623.2 646.3

Tenacity (g/tex) 23.14 24.36

Elongation (%) 13.85 14.70

Unevenness (%) 14.92 13.86

Table 6. 
Yarn quality parameters.
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There are various finishes which are being applied nowadays on fabrics to 
improve its moisture management behaviour. So here in this research work vari-
ous combinations of knit activewear fabrics (Polyester and Nylon) with varying 
moisture management finish and antimicrobial finish have been studied for its 
improvement in moisture management behaviours and antimicrobial activities for 
the activewear garments.

5. Material for active wear cloths

In this study work, polyester and nylon yarn count range has kept constant 120 
denier, The mesh interlock knit activewear fabrics has prepared on circular knitting 
machine. Two different knitted fabrics of 100% Polyester and 100% Nylon were 
used for the study with three different GSM (100, 130 and 160). The fabrics used 
are scoured, bleached and ready for dyeing (RFD) fabrics (Figures 3–5).

Figure 2. 
The pathways for moisture loss from the activities with human body.

Figure 1. 
The pathways for heat loss from the activities with human body.
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6. Moisture management (MMF) and antimicrobial finish (AMF)

The fabrics of different type and different GSM are finished with (i) Evo soft 
MMF finish, (ii) Evo AMF finish. In Evo soft MMF finish Silicone micro emulsion 
is done which increases the hydrophilic and moisture management character-
istics of the fabric. Similarly AMF finish, antimicrobial cloth is used especially 
for activewear and leisure activities to feel clean and safe or to control malodour. 

Figure 4. 
Schematic diagram of MMT apparatus testing.

Figure 3. 
(a) Polyester fabric. (b) Nylon fabric.

Figure 5. 
Schematic diagram of water vapour permeability tester equipment (left) and testing procedure (right).
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Anti-microbial finished textile lowers down the psychological discomfort associ-
ated with foul odour arising out of microbial growth and by fungi causing skin 
infections which is an important aspect as human body sweats during various sports 
activities and the temperature of human body also increases, favouring microbial 
growth. They also create a powerful barrier against the spread of antibiotic resistant 
bacteria, which are responsible for medical infections in hospitals other activities.

7. Application of finishes

Various finishes are applied on ready for dyeing fabrics, as per the following 
methodology. For treating the samples with MMF (i.e. to give moisture manage-
ment finishing) solutions of 10 gpl and 20 gpl concentrations were prepared. For 
10 gpl concentration, 10 gram of MMF was added to 1 gpl of acetic acid and 1 litter 
of water. Whereas, for 20 gpl concentration of finishing, 10 gram of MMF was 
added to 1 gpl of acetic acid and 1 litter of water. The same procedure was followed 
for preparing solution for other two finishes. Samples of dimension (25x 25) cm 
were prepared and treated with 100 ml of prepared solution by immersing it in 

Fabric 
mass
(g/m2)

Fabric MMF 
finish 
conc.

Fabric 
thickness 

(mm)

Air 
Permeability
(Cm3/Cm2/

Sec)

WVP 
(g/m2/

day)

Rate of 
drying 

(mg/
min*inch2)

Accumulative 
one-way 

transport 
index (%)

100 Polyester 10 0.43 57.65 1663.18 0.2381 241.094

20 0.40 57.12 1108.79 0.2536 196.201

Nylon 10 0.42 56.23 2217.58 0.2181 283.41

20 0.41 56.10 1563.38 0.2526 196.13

130 Polyester 10 0.56 49.26 1663.18 0.292 181.094

20 0.51 48.25 1523.12 0.363 162.667

Nylon 10 0.48 47.25 1663.18 0.272 187.09

20 0.46 46.45 1423.32 0.323 154.35

160 Polyester 10 0.57 44.56 1663.18 0.231 137.73

20 0.53 43.89 1109.16 0.323 106.52

Nylon 10 0.51 43.58 1563.18 0.241 132.73

20 0.50 42.87 1109.16 0.321 97.52

Table 9. 
Influence of variation in (MMF) finish on moisture management properties of fabrics.

Fabric 
mass 
(g/
m2)

Material Fabric 
thickness 

(mm)

Air 
Permeability

(Cm3/Cm2/
Sec)

WVP 
(g/m2/

day)

Rate of 
drying 

(mg/
min*inch2)

Accumulative 
one-way 

transport 
index (%)

100 Polyester 0.41 56.22 321.52 0.0963 321.52

Nylon 0.40 55.26 396.90 0.0863 396.90

130 Polyester 0.55 47.21 244.94 0.0757 244.94

Nylon 0.47 45.87 293.41 0.0657 293.41

160 Polyester 0.56 43.65 199.01 0.0635 199.01

Nylon 0.49 41.25 189.32 0.0535 189.32

Table 8. 
Vapour and liquid moisture management properties of standard samples without finish.
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the solution contained in a beaker for 10 minutes. Then the sample was taken out 
& sand with between two transparent sheets & was passed through the padding 
mangle to squeeze out the solution. The squeezed samples were dried at 150 0c for 
1 minute in oven dryer. The same procedure was repeated for 2 samples for each 
level. The whole experimental work was carried out for 100, 130, 160 GSM 100% 
polyester and 100% Nylon knit fabrics. The variation in fabric geometrical charac-
teristics after applying various finishes and their concentration (level) of finish is 
tabulated in the (Tables 8–10). Same processes applying antimicrobial finishes.

8. Moisture management tester

The knit fabric (Untreated and treated) samples were tested on SDL ATLAS M290 
moisture management tester (MMT) according to AATCC test method 195–2009, 
2011. The accumulative one-way transport index (OWTI) and the overall moisture 
management capacity (OMMC) measured by using the (Moisture management 
tester) MMT provide an insight about the liquid moisture transmission performance 
of fabrics. OWTC is the difference in the accumulative moisture content between the 
two surfaces of the fabric. OWTC reflects the one-way liquid transport capacity from 
the top (Inner next to the skin) to the bottom (Outer) surface of the fabric.

8.1 Drying rate testing

Dry rate testing was carried out using dry rate tester, which evaluates the 
weight of water evaporated in given time from the fabric. This device can be used 
independently to find a drying rate or in conjunction with the SDL Atlas Moisture 
Management Tester (MMT) in order to obtain a more complete understanding of 
the moisture management properties of a performance fabric. Sample size of 15 
x 15 cm was used for the study, to which 2 ml water was added on its surface and 
allowed dry for required amount of time in the room conditions. The difference 
between initial and final weight gives the dry rate % of the fabric sample.

Fabric 
mass
(g/m2)

Fabric AMF 
finish 
conc.

Fabric 
thickness 

(mm)

Air 
Permeability

(Cm3/Cm2/
Sec)

WVP 
(g/m2/

day)

Rate of 
drying 

(mg/
min*inch2)

Accumulative 
one-way 

transport 
index (%)

100 Polyester 10 0.42 57.15 2217.50 0.1794 176.39

20 0.41 55.12 2014.50 0.1802 156.29

Nylon 10 0.44 55.13 2117.38 0.2182 298.41

20 0.41 53.10 1663.28 0.2226 186.23

130 Polyester 10 0.56 50.23 2217.58 0.1612 135.49

20 0.52 48.15 1663.18 0.1708 98.87

Nylon 10 0.48 49.35 1663.18 0.262 188.09

20 0.47 46.45 1213.10 0.341 122.15

160 Polyester 10 0.55 44.56 2017.28 0.1371 96.29

20 0.52 43.89 1562.12 0.1402 61.82

Nylon 10 0.53 42.58 1663.18 0.243 132.73

20 0.51 41.87 1215.20 0.308 96.52

Table 10. 
Influence of variation in antimicrobial (AMF) finish on moisture management properties of fabrics.
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8.2 Water vapour permeability testing

Water vapour permeability testing is carried out to determine the resistance of tex-
tiles and textile composites (Particularly action wear fabrics) to water vapour penetra-
tion using testing standard BS 3424. It was carried out in the water vapour permeability 
tester which consists of 8 containers with water reservoirs, a standard permeable fabric 
cover, sample holder ring and precision drive system. The water vapour permeability 
(WVP) of the fabric was calculated in g/m2/day is using the Equation (1).

 
24

t

M
WVP

A
=  (1)

where, M- Loss of the assembly over the time period t (in g).
T- Time between successive weightings’ of the assembly in hours.
A - Area of exposed test specimen (equal to the internal area of the test dish  

(in m2) in this case. A = 0.0054113 m2.

8.3 Scanning electron microscope

The surface of the coated fabrics was investigated using an SEM XL 30, Philips. 
According to SEM image confirm the impregnation of moisture management finish 
has used on the surface of the fabric. This can be also revealed from the SEM images 
of the moisture management finish shown as below Figures 6 and 7. I have used 
coating on the polyester fibre with a particle size ranging 10 nm. The similar trend 
has also found for the nylon fibre.

This can be also perceived from Figures 8 and 9 in SEM images at the uniform 
coating of the antimicrobial finishes on the polyester fabrics surface with a particle 
size ranging 10 nm. The similar trend has also found for the nylon.

Figure 6. 
SEM images of untreated and treated polyester fabric with moisture management finishes.

Figure 7. 
SEM images of untreated and treated polyester fabric with moisture management finishes.
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9.  Influence of moisture management finish (MMF) on fabric moisture 
management properties

In case of 100% polyester fabric it can be observed from the Figure 10. That as 
the fabric GSM increases from 100 to 160 grams, the value of accumulative one-way 
transport index (OWTI) % decreases. It is due to the increase in the thickness of the 
fabric with the increase in GSM as shown on the Table 9. The increased thickness 

Figure 8. 
SEM images of untreated and treated polyester with antimicrobial finish.

Figure 9. 
SEM images of untreated and treated polyester fabric with antimicrobial finish.

Figure 10. 
Effect of MMF finish concentration and GSM on OWTI% in polyester fabric.
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offers more restriction to the flow of moisture across the plane of fabric (reduced 
conductivity), which reduces the OWTI %. Also it was observed that the increased 
finishing concentration decreases the OWTI% of polyester fabric. It is due to the 
increased decreased pore size after finishing. HDS finish provides a surface finish 
on the fibre surface to increase its moisture management property. Since the finish is 
applied on the surface of the fibre, the fibre diameter increases and pore size decreases 
after finishing. The decreased pore size also decreases the air permeability of the fabric 
as shown in the Table 9. It can be seen that other fabric 100% Nylon also follows the 
similar trend but the rate of reduction in pore size and OWTI% was different for dif-
ferent fabrics. Basically the HDS softness to penetrate deeply into fibres with amor-
phous structure to create and increase core hydrophilicity and softness to the fabrics.

10.  Influence of moisture management finish (MMF) on drying rate of 
different fabrics

In case of 100% polyester fabric it can be observed from the Figure 11. That as 
the fabric GSM increases from 100 to 160 grams, the value of drying rate increases. 
This is because of the increase in the thickness of the fabric with the increase in 
GSM. Increase in the thickness causes the water to spread in wider volume which 
causes the fabric to dry easily. Further with the increase of finish concentration 
level, drying rate increases. It is due to the blocking of pores of the fabric and so 
water remains on surface of the fabric not inside the pores and facilitating easy dry-
ing. It can be seen that other fabric 100% Nylon also follows the similar trend but the 
rate of increment is different due to its different physical properties than polyester.

11.  Influence of moisture management finish (MMF) on water vapour 
permeability of different fabrics

In case of 100% polyester fabric it can be observed from the Figure 12. That as the 
fabric GSM increases from 100 to 160 grams, the value of water vapour permeability 
(WVP, gm/m2/day) decreases. It may be due to the increase in the thickness of the fabric 

Figure 11. 
Effect of MMF finishes concentration and GSM on rate of drying in polyester fabric.
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with the increase in GSM. Further with the increase of finish concentration level, WVP 
decreases. It is due to the increase in the fabric thickness after finishing, blinding of the 
fabric structural pores and reduction in fabric porosity with the increase of finish level. 
This may also be attributed that the reason of blocking of natural capillary action of 
the fibre/fabrics softener (HDS) [13]. It can be seen that other fabric 100% Nylon also 
follows the similar trend but the rate of reduction is different.

12.  Influence antimicrobial (AMF) finish on fabric moisture 
management properties

In case of 100% polyester fabric it can be observed from the Figure 13. That as 
the fabric GSM increases from 100 to 160 grams, the value of accumulative one-way 

Figure 12. 
Effect of MMF finish concentration, GSM on water vapour permeability in polyester fabric.

Figure 13. 
Effect of AMF finish concentration and GSM on OWTI%% in polyester fabric.
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transport index (OWTI) %decreases. It is due to the increase in the thickness of the 
fabric with the increase in GSM as shown on the Table 10. The increased thickness 
offers more restriction to the flow of moisture across the plane of fabric (reduced 
conductivity), which reduces the OWTI %. Also it was observed that the increased 
finishing concentration decreases the OWTI% of polyester fabric. It is due to the 
increased decreased pore size after finishing. PEH finish provides a surface finish 
on the fibre surface to increase its moisture management property. Since the finish 
is applied on the surface of the fibre, the fibre diameter increases and pore size 
decreases after finishing. The decreased pore size also decreases the air permeability 
of the fabric as shown in the Table 10. It can be seen that other fabric 100% Nylon 
also follows the similar trend but the rate of reduction in pore size and OWTI% was 
different for different fabrics.

13.  Influence of antimicrobial (AMF) finish on drying rate of different 
fabrics

In case of 100% polyester fabric it can be observed from the Figure 14. That as 
the fabric GSM increases from 100 to 160 grams, the value of drying rate increases. 
This is because of the increase in the thickness of the fabric with the increase in 
GSM. Increase in the thickness causes the water to spread in wider volume which 
causes the fabric to dry easily. Further with the increase of finish concentration 
level, drying rate increases. It is due to the blocking of pores of the fabric and so 
water remains on surface of the fabric not inside the pores and facilitating easy 
drying. It can be seen that other fabric 100% Nylon also follows the similar trend 
but the rate of increment is different due to its different physical properties than 
polyester.

14.  Influence of antimicrobial (AMF) finish on water vapour 
permeability of different fabrics

In case of 100% polyester fabric it can be observed from the Figure 15. That as 
the fabric GSM increases from 100 to 160 grams, the value of water vapour perme-
ability (g/m2/day) decreases. It may be due to the increase in the thickness of the 
fabric with the increase in GSM. Further with the increase of finish concentration 

Figure 14. 
Effect of AMF finish concentration and GSM on rate of drying in polyester fabric.
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level, WVP decreases. It is due to the increase in the fabric thickness after finishing, 
blocking of pores of the fabric and reduction in fabric porosity with the increase of 
finish level [14]. It can be seen that other fabric 100% Nylon also follows the similar 
trend but the rate of reduction is different.

15. Conclusions

In this research an attempt has made to study the influence of MMF and AMF 
finishes on the moisture management behaviour, dry rate performance, water 
vapour permeability properties on different knit activewear fabrics. Therefore from 
the various combinations of fabrics, GSM, finishes and finish concentration level 
the following conclusions are drawn:

• The liquid and vaopur moisture management properties are much influenced 
by the GSM and finishing concentration. The moisture management property 
of the fabric was increased when the one way transport index (OWTI) %, dry 
rate performance and the rate of water vapour permeability (WVP) increases 
in the fabric. When the moisture management finishes (MMF) and antimi-
crobial finish are applied on the polyester and nylon fabrics, the OWTI% is 
much influenced by the GSM and finishing concentration. At higher GSM 
and finishing concentration, OWTI% reduced due to increased thickness and 
decreased pore size.

• The dry rate performance increases with increased GSM and finishing con-
centration which is due to more area for moisture spreading and evaporation 
from the fabrics. Water vapour permeability (WVP) performance of fabric 
reduces at increased GSM and finishing concentration; it is due to the smaller 
pores and reduced porosity at higher GSM and finishing concentration level. 
However in the different fibre type’s fabrics, it was observed that to have less 
influence on the moisture management properties, it’s because, these finishes 
applied were less penetrating into fibre and hence it’s not reacting with fibre 
molecules of the yarns. Moisture transmission properties (Both vapour and 
liquid form) improve by moisture management, antimicrobial finish. Uniform 
coating of finishes is observed in polyester and then followed by the nylon 
fabrics, on the basis of SEM image.

Figure 15. 
Effect of AMF finish concentration, GSM on water vapour permeability in polyester fabric.
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• Active sportswear is a vast and challenging field in which required functionality 
can be designed by suitable choice of raw material, fabric structure, garment 
design and finishes. Due to suitable properties of fibres such as polyester, 
nylon and blends of fibres and filaments, their use in sportswear clothing is of 
paramount importance.

• Moisture management properties like sweat absorption sweat dissipation and 
faster drying are primary desirable functions of active sportswear, which affect 
the comfort sensation of players during sports, while ensuring the required 
thermal insulation. For performance apparel, the knowledge of fabric is useful 
for garment selection and design and development.

• To achieve required comfort level, the development of sportswear includes vari-
ous modern approaches such as using special polymers, modifying the structure 
at fibre, yarn, and at fabric level techniques such as coating, laminating and 
finishing and other manufacturing technologies.
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Chapter 12

Textiles for Noise Control
Mallika Datta, Srijan Das and Devarun Nath

Abstract

This chapter includes the mechanism of sound absorption and the classes of
sound absorbing material to control the noise. The basic phenomena related to the
reduction of sound by allowing it to soak in and dissipate also were introduced first,
which, can be realised by viscous effects, heat conduction effects, and internal
molecular energy interchanges. Porous absorbers are materials where sound propa-
gates through an interconnected pore network resulting in sound energy dissipa-
tion. They are only effective at the mid-to-high frequency range, which is most
sensitive to the human ear. The applications of different textile fibres and their
various forms were identified later in the chapter. Finally, specific discussions are
given to sound parameters, noise absorption coefficient, and its measurement tech-
nique. The chapter also deals with various factors influencing sound absorption.

Keywords: noise absorption coefficient, noise control, nonwoven,
porous absorber sound absorption

1. Introduction

“The International Committee of Standardization of Acoustical Terms” has
defined noise as ‘sound not desired by the recipient’ i.e. ‘unwanted sound’. Gener-
ally, the machines that have been developed for industrial purposes, for high speed
transportation, or improved livelihood of human beings are accompanied by noise
[1, 2]. A noise system is comprised of three component [1, 3].

Noise Source: The component which perturbs the air;
Noise Path: It is the medium that promotes the propagation of the acoustical

energy from one point to other
Noise Receiver: The component which has the potential to adjudge the quantity

or level of noise at a point of interest.
The unwanted noise can be reduced by [4, 5]: 1) Source Treatment 2) Trans-

mission Path Treatment 3) Receiver Treatment. In general, there are four basic
principles involved in noise control: isolation, absorption, vibration isolation, and
vibration damping [6–8]. The noise control options are thus said to be: 1) Absorbers
2) Barriers 3) Composites 4) Enclosures 5) Lag Treatment.

2. Mechanism of sound absorption

Sound absorbers are soft, porous, open-celled materials such as Baffles or
Quilted fibrous system blankets that reduce the reflection of sound waves by
allowing them to soak in and dissipate also. The dissipation mechanism of
sound absorption results in the conversion of acoustic energy to heat energy.
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Attenuation or dissipation of acoustic energy as a sound wave moves through a
medium attributed to three basic mechanisms [4, 6]: Viscous effects, Heat
conduction effects, Internal molecular energy interchanges. Dissipation of
acoustic energy due to fluid friction while moving through the medium is a ther-
modynamically irreversible propagation of sound responsible for viscous effects. In
Heat conduction effects, heat transfer between high and low temperature regions in
the wave results in non-adiabatic propagation of the sound. The sum of these two
mechanisms, viscous and heat conduction, is called the classical attenuation, αn is
given by

αn classicalð Þ ¼ 2πr f 2

ρcp3
μ

4
3
þ φ� 1

Pr

� �
(1)

where,
μ is fluid viscosity, φ specific heat ratio (1.667 for monatomic gases and 1.400 for

diatomic gases), Pr is Prandtl number and equals to μcp,/kt where kt = thermal
conductivity cp = specific heat at constant pressure ρ is the density of the fluid and f
is frequency [4].

Attenuation of sound energy in fluid results from the finite time required
converting translational kinetic energy into internal energies. This is associated with
the rotation and vibration of the molecules. The attenuation coefficient can be
written in terms of the sum of the individual contributions as follows [4]:

α ¼ αn classicalð Þ þ
X

αij (2)

where, the αij are the contributions of the various vibration energy relaxation
effects.

3. Sound absorbing material

The sound absorption performance of the material is influenced by the amount
of acoustic energy absorbed and reflected by the same. The concept of a perfect
absorber can be understood by an open window that transfers all the incidence
energy to the other side of the window, thereby results in 100% absorption (α= 1.0).
An open window of 1 m2 area gives 1 Sabine of absorption [5]. The maximum
absorption of sound is found when the natural impedance of the material is equal to
the characteristic impedance of the air (medium). Thus the sound absorbing capac-
ity of a material is the function of its natural impedance (Zc). The sound absorption
phenomenon of an acoustic material varies with the frequency and angle of inci-
dence of the sound waves impinge upon the material.

There are mainly four types of sound absorption materials [2] available to
achieve sound absorption namely porous absorber, Helmholtz resonator, membrane
absorber and perforated panel absorber [7, 8] as discussed below which are

3.1 Helmholtz resonator

Helmholtz resonator can be used to estimate sound absorption at a lower fre-
quency range [4, 8]. The quality factor (Q) indicates the quality of the resonator.
The bandwidth in Hz is estimated from resonance frequency in the case of the
Helmholtz resonator following the equation as described below [5].
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Q ¼ f res
Δf

(3)

where Q is the quality factor, fres is resonance frequency in Hz and Δf is
bandwidth in Hz

A Helmholtz resonator is a cavity filled with air with a small opening or neck.
The resonator is considered to be undamped when no porous fibres are found in the
cavity. Equation (4) is used to determine the undamped resonance frequency of a
Helmholtz resonator [9].

Under the condition of no porous fibres inside the cavity,

f res ¼
1

2π
ffiffiffiffiffiffiffi
BC

p (4)

where,
B is inertance and C is an acoustical capacitance

B ¼ ρ0 Lþ 1:7Rð Þ
πR2 (5)

where,
ρ0 = Density of the air kg/m3 (L+1.7R) = Effective length of the neck, m
πR2 = Area of the opening, m2

R = Radius of the hole in m

C ¼ V
ρ0c02

(6)

where,
C = Acoustical capacitance
V = Volume of the chamber, m3.
c0 = Speed of sound in air, m/sec.
ρ0 = Density of air, kg/m3

Alternatively, the approximate resonance frequency, fres (for nonporous fibrous
material) could be calculated using the following equation [9]

f res ¼
CD

2π
ffiffiffiffiffiffi
vV

p (7)

where
c0 = Speed of sound, m/s
D = Area of the neck, m2

v = D (L + 1.7R) Effective volume of the neck, m3

V = Volume of the chamber, m3

The sound absorption performance of the Helmholtz resonator at its resonance
frequency can be then estimated using the following equation

αB ¼ 0:159
c0
f res

� �2

(8)

where,
αB = Sound absorption, m2 (Sabine)
c0 = Speed of sound in air, m/sec

239

Textiles for Noise Control
DOI: http://dx.doi.org/10.5772/intechopen.99274



3.2 Membrane absorber

A Membrane absorber [5] or diaphragmatic absorber is used to absorb low
frequencies sound energy. The membrane absorber offers resistance to rapid flexing
and the surrounding enclosed air also shows resistance to compression during
vibration at the low frequencies of sound and converts that to heat energy. A
membrane type absorber is made of plywood or rubber stretched and attached to a
rigid support/panel placed at some distance with respect to a solid wall. The stiff-
ness of the panel and the method of fixing of membrane on the panel influence
performance of the absorber as the panel itself tends to vibrate.

3.3 Perforated panel absorber

A perforated panel absorber [5] is the rigid thin perforated sheet with a circular
opening/aperture. An air cavity is found behind the perforated panel absorber
(PPA) as it is mounted at a distance from the wall. The performance of PPA is
improved to tackle broader frequency range when the cavity is filled with porous
fibre. The resonance frequency of the perforated panel can be estimated using the
following equation [9].

f res ¼
c
2π

P
d Lþ 1:7Rð Þ
� �

(9)

where
c = Speed of sound in air, m/sec
P = Perforation ratio (hole area/plate area)
d = Distance of the perforated panel from the wall, m
L = Perforated panel thickness, m
(L + 1.7R) = Effective length of the neck
R = Radius of the hole, m.
An air gap between the porous fibre and the wall increases the thickness of the

perforated panel and also the depth of the air gap lowers its resonance frequency.
Therefore, by varying the depth of the air space and the thickness of the perforated
panel, the broader frequency range of sound absorption performance could be
achieved. A perforation ratio of more than 20% with a small aperture does not affect
the sound absorption of porous fibre. However, a smaller perforation ratio reduces
the higher frequency sound absorption performance of porous fibre [7].

The thickness of the PPA increases with cavity depth or the air gap between rigid
wall and absorber which in turn lowers its resonance frequency. Thereby, the
change in cavity depth/depth of the air space and the thickness of the perforated
panel make PPA more suitable for the broader frequency range of sound absorption
performance. The small aperture/perforation with more than 20% perforation ratio
has no effect on sound absorption by PPA. However, a smaller perforation ratio
reduces the higher frequency sound absorption performance of porous fibre [7].

3.4 Porous absorber

In porous absorbers [10, 11], sound propagates through an interconnected pore
[12] network resulting in sound energy dissipation. They are only effective at the
mid-to-high frequency range, which is most sensitive to the human ear [12]. The
porous absorbers are found their applications in noise control for industries, auto-
mobiles, building acoustics, and sound recording studios. The magnitude of unde-
sirable sound/noise reflected from hard interior surfaces and reverberant noise level
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is reduced in presence of such absorbers [8]. The various classes of porous absorbers
are i) cellular ii) granular, and iii) fibrous materials. The cellular absorbers are made
of foam of polyurethane and sometimes metal like aluminum [8]. Sound absorbing
foam with an open structure allows the propagation of air from one to the other face
through the interconnected pores [12]. The polymer based foam is associated with
fire hazard and the generation of combustible toxic gases while the metallic foam
offers higher mechanical strength [13]. Some common examples of granular
absorbers are panels made of wood chips, pervious road, and, porous concrete. The
granular absorber can be used in the form of a consolidated structure made with the
suitable binder(s) or in the loose form [13]. The used tires, rubber particles, and
waste foam have been identified in making granular absorbers [12, 14]. Fibrous
materials as reported compose of glass, mineral, or organic fibres in the form of
nonwoven fabrics, boards, or preformed elements. The granular materials can
achieve a broadband absorption limited to around 0.8, while in the case of fibrous
absorbent, the value can rise to unity [12]. Fibrous and granular absorbers are often
produced by bonding the fibres or granules with a binder. They are generally
covered with a thin perforated sheet such as highly perforated panels of metal,
wood or gypsum giving better aesthetic value protecting from damages and prevent
the particles from polluting the air which may harm the eco-system [8].

4. Textile materials as porous absorber

4.1 Textile fibre

The textile fibre based porous absorber may be made of felt, glass wool, rock
wool, polymer foams, waste cloth fillers [15–21]. The structure of the absorber
consists of cavities that promote internal reflection of sound of waves, trap the
sound energy and dampen the oscillation of the air particles by friction with
absorber material [22]. They are, however, effective for the medium to high fre-
quency range only [23]. The type of fibrous porous absorber is based on the raw
material viz., metal, synthetic polymer, and natural. The fibrous forms of metal and
its alloy viz., stainless steel, nickel, aluminum, etc., are also identified as suitable
noise absorbers in harsh environments [19, 23, 24].

Presently, synthetic fibres have largely been used owing to some advantageous
attributes viz., large specific surface area, good mechanical strength, and good
permeability [23, 25, 26]. The various structural forms of such fibre as acoustic
absorber include the felt, woven cloth, and fibre reinforced composites [23]. The
various synthetic fibre options in noise control are glass wool, rock wool, basalt,
carbon fibre [15, 17, 19, 20, 24, 27–30]. The crude based fibres like polyester
[26, 31–38], polypropylene [39–41], nylon [42, 43] were also used for noise control
study. Polyester microfibre felts showed improved noise absorption in the middle
frequency, ranged from 1200 Hz to 4000 Hz [44]. The study on polyester and
nylon microfibre fabric concluded that sound absorption increased with fabric
density up to 0.14 g/cm [17, 45]. Synthetic fibres and their blend at different ratios
towards the optimised acoustic absorption coefficient have been identified by
several researchers [37, 38, 40, 46–50].

The use of metallic fibre in noise controls is limited due to their poor flexibility,
heavyweight, poor formability [23], while the synthetic polymer fibres are non-
biodegradable and cause serious health hazards during manufacturing, installation,
and disposal [10]. The limitation of metallic and synthetic based fibrous porous
absorbers wrenches the researcher in the exploration of suitable alternatives from a
renewable resource.
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Different works had been reported on exploration of using various natural fibres
[51–53] viz., wool [54], cotton [50, 55], kapok [56], kenaf [57], hemp [58–60],
ramie [61], flax [57, 61–63], banana [64], broom [65], coir [66], jute [51, 61, 67–70],
tea leaf [71], combination of Luffa fibres with cotton layer [72] and agro residues
viz., straw, oil palm [57] for producing sound absorbers. Most of the fibres showed
encouraging sound absorption property.

The textile materials in various forms viz., woven [73–76], carpet [77, 78], non-
woven [70, 76, 79–88], knitted [89], and composite [31, 48, 59, 68, 90–93] were
used for control of noise.

The major disadvantage associated with fibrous absorbers is in tackling long
wavelengths of low frequency sound energy. Different approaches were attempted
by various researchers to improve the noise control performance of porous
absorbers. Some works are available in the literature on the improvement of
absorption performance of noise of low frequency range by adjusting the non-
acoustical parameters viz., thickness, areal density, and bulk density of porous
absorber [94].

4.2 Forms of textiles in noise control

4.2.1 Nonwoven fabric

The use of nonwoven or felt structures developed from different fibres and their
blend or in composite form is gaining interest to use as a noise control solution
[3, 13, 26, 31, 81, 84, 87, 95]. Effect of fibre fineness, fibre cross section, structure
parameters of nonwoven viz., total surface area, the density of fibre packing,
thickness and physical parameters including fibre mixing ratio (blend ratio), bulk
density [51, 70, 96, 97] were investigated. The results revealed that total surface and
fabric density determined sound absorption positively, and fibres with profiled
cross-section shapes show a higher noise reduction coefficient [26]. The acoustic
absorption coefficient increased with the increase of thickness of nonwoven/felt
[98, 99]. Pore diameter [100], porosity, and the air gap behind the mounted non-
woven samples influenced the sound absorption at low frequency [101]. Absorption
behaviour changes with different fibre content in their blend [46, 47, 98, 99] and
there was an optimum bulk density for noise reduction [98]. The use of fibre with a
larger lumen in the mix of natural with synthetic fibres enhanced the noise control
performance [98, 99]. The increase in hollow fibre percentage in nonwoven fabric
was directly related to its thickness and sound absorption efficiency [85]. The use of
nonwoven made from natural fibres was suitable for application in vibration control
for the automobile industry due to their excellent strength and renewable properties
[102] and offered excellent absorption in the mid-to-high frequency ranges [86].
The work revealed [40] that the orientation of fibres in nonwoven did not affect
acoustic absorption whatever might be the pile orientation of 0°/90° and 45°/45°
[40]. The smaller size of aerogel embedded in a nonwoven fibre matrix has positive
effects on acoustic absorption [103]. Introduction of nano fibre in making nonwo-
ven improve both sound absorption and sound transmission loss [104]. Acoustical
nonwovens with activated carbon fibre on the surface exhibited improved acoustic
properties [79–81].

4.2.2 Woven fabric

The use of woven structure in noise control was identified by various researchers
[105–107]. The study on the effect of weave type, weft yarn linear density, thick-
ness created by the layering of test fabrics, yarn spinning system, and depth of air
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space at the back of samples revealed that the sound absorption coefficient of
woven fabrics is influenced by both density and porosity of fabrics. The weight and
cover of woven cloth as an upshot thread density and thread count [107, 108]
influenced transmission loss of sound transmitted through the structure. Higher
thickness of woven fabric associated with improved noise reduction coefficient
[106]. The plain weave structure offered higher sound absorption in comparison to
other weave designs. Higher absorption woven structure was found with finer and
low twisted weft yarns [109]. The woven structure made of fabrics rotor-spun
yarns exhibited the highest absorption in comparison to structure made with ring-
spun or compact yarns.

Pile carpet as noise control material was investigated [77] and it was found that
pile thickness and weight of carpet have a minor influence on transmission loss of
sound moving through the carpet. Effect of pile parameters namely fibre type, pile
height, and carpet construction, pile density, air gap behind the mounted tufted
carpets was studied which identified suitability of various factors in controlling
sound at audible frequency range [78]. The air gap behind the carpet enhances the
noise absorption capacity at low to medium frequencies.

4.2.3 Knitted fabric

NAC for plain knitted structures with the same thickness but different pore
changes with the size of pore diameter. The smaller diameter pore under the influ-
ence of smaller stitch sizes with lower porosity offers a higher degree of sound
absorption sizes [110]. For the same value of pore radius and porosity, the NAC
changes with thickness in the case of knitted structure [111]. Introduction of spacer
fabric inside the knitted structure improved the noise control performance of the
knitted structure.

5. Factors influencing sound absorption

Studies on various parameters that influence the sound absorption properties of
fibrous materials have been published widely in the literature [7, 10, 12, 94,
112, 113]. The factors in detail can be described as follows:

5.1 Textile factor

5.1.1 Fibre Size

The sound insulation behaviour of wool fibre based material sound absorption
coefficient increase with a decreasing fibre diameter [54]. It is found that thin fibres
can move more easily than thick fibres on sound waves. Moreover, with fine denier,
more fibres are required for the same volume density which generates a more
tortuous path and higher airflow resistance [94]. Studies of Tancan [82] revealed
that the fine fibre increases sound absorption coefficient values due to an increase in
airflow resistance through increased viscosity resulting from the vibration of the air.

5.1.2 Thickness

The thickness of the porous absorber directly influences the low frequency
sound absorbing performance [94, 114]. The material with an apparent thickness
(includes cavity depth from the rigid back) equal to the one-quarter wavelength at a
resonant frequency gives peak absorption [94], however, the threshold thickness
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for effective absorption is one-tenth of wavelength. A study also showed that sound
absorption increases with the increase in thickness of the material only in the case of
low frequencies. Thickness becomes insignificant at higher frequency.

5.1.3 Density

The sound absorption performance of a material is a function of the bulk density
of the material [10, 54]. It is to be kept in mind that the density of the acoustic
material affects its cost. The sound absorption value of the absorber at the middle
and higher frequency (> 500 Hz) increases with the density of the sample [115].
When the number of fibres increases per unit area, the apparent density (consider-
ing the entrapped air) is high. Conversion of sound energy to heat increases as the
surface friction at the viscous boundary layer increases [12] and so the sound
absorption coefficient, especially for nonwoven fibrous materials [23, 53, 94]. Open
and light porous structure absorbs the sound of low frequencies (<500 Hz), while
denser structure suitable for frequencies above 2000 Hz.

5.1.4 Porosity

The sound absorption mechanism of the porous absorber can be explained in the
light of, pore parameters viz, number, size, and shape [100]. Dissipation of sound
energy is owing to frictional resistance offered by the pores that allowing the
propagation of sound through it. The porosity is generally thus defined as the ratio
of the volume of the voids in the material to its total volume [12, 116]. Equation (9)
defines porosity (∅) [53, 117].

Porosity ¼ ∅ð Þ ¼ Va

Vm
(10)

where:
Va = Volume of the air in the voids
Vm = Total volume of the sample of the acoustical material being tested

5.1.5 Tortuosity

Tortuosity is a measure of the crookedness of the passageway through the pores,
compared to the thickness of the sample. Tortuosity enumerates the influence of the
internal structure of a material on its acoustical properties. Con Wassilieff [118]
describes it as a measure of the deviation of the pores from the normal, or meander
about the material. The location of the quarter-wavelength peaks of sound energy is
influenced by tortuosity, while the height and width of the peaks are persuaded by
porosity and flow resistivity. The degree of crookedness/tortuosity determines the
behaviour of absorbing porous materials at the high frequency level.

5.1.6 Compression

The porous fibrous textile structures are compressible in nature and experience
compression on the application of load and thickness decreases. The factors like
density, porosity, tortuosity, airflow resistivity, porosity, and density also vary with
changes in thickness. The studies [119, 120] found that in the event of reduction of
the thickness of a homogeneous layer of porous fibrous porosity and characteristic
lengths (shape factor) [12, 94] decrease while the density and tortuosity or crook-
edness in the structure increase. The effect of compression of fibrous structure is
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found to be more profound in the case of automotive acoustics. The weight of the
passenger causes cyclic compression and expansion of the seat padding that results
in squeezing down the porous materials (fibrous or cellular) which in turn results in
the variation of the above mentioned physical parameters [3].

5.1.7 Airflow resistance

One of the most important parameters that influence the sound absorbing char-
acteristics of fibrous material is the specific flow resistance per unit thickness of the
material [12, 32, 94, 116, 121]. The characteristic impedance and propagation con-
stant, which describes the acoustical properties of porous materials, are governed to
a great extent by the flow resistance of the material [94].

The presence of fibrous peg (due to interlocking of fibre at the time of needling)
as frictional elements in the case of a needled nonwoven, provide resistance to
acoustic wave motion. As the sound wave enters a fibrous nonwoven structure, its
amplitude is decreased by friction while moving through the tortuous path, and
sound energy is converted into heat [94]. The friction resistance of the material to
the flow of air is called ‘airflow resistivity’ and is expressed as:

σ ¼ ΔP
ΔT

� 1
u
Pa:s=m2 (11)

where,
σ = airflow resistivity Pa.s/m2

u = Air velocity through sample m/sec
Δp = Sound pressure differential across the thickness of the sample measured in

direction of particle velocity, N/m2

ΔT = Incremental thickness [3, 94]
Based upon the airflow test following ASTM D737 [122], flow resistivity σ of the

sample is obtained from the following equation:

σ ¼ P
ct

(12)

where,
P = Static pressure differential between both faces of the sample, dyne/cm2

(10�1 Pa)
c = Air velocity, cm/s
t = Thickness of sample, cm
The airflow resistance per unit thickness of a porous material is proportional to

the coefficient of viscosity of the fluid (air) and inversely proportional to the square
of the pore size of the material. For a fibrous material with a given porosity, the flow
resistance per unit thickness is inversely proportional to the square of the fibre
diameter

5.1.8 Surface impedance

For a given layer of thickness, the acoustic resistivity of an absorber is directly
related to its ability to dissipate sound energy. Moreover, the surface impedance
[123] of the layer increases with the degree of air resistance offered by the structure
that results in a more reflection of sound from the surface layer. Thereby, sound
absorption by the fibrous structure reduces. The mechanism of sound absorption is
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frequency dependent, thus at a lower frequency as the thickness of the layer
increases resistivity decreases.

5.2 Other factor

5.2.1 Placement/position of sound absorptive materials

The placement/position of sound absorptive materials is known to affect the
sound absorption of the material. It has been reported by Alton Everest [5], that if
several types of absorbers are used, material applied to the lower portions of high
walls can be as much as twice as effective as the same material placed elsewhere
[124]. The porous structure behaves like a frequency dependent membrane of a
certain mass under the influence of an air cavity behind a material. The presence of
air inside the cavity has an analogy to a mechanical spring. The absorption property
of the porous fibrous absorber enhances significantly with the air filled cavity
between the absorber and the rigid back wall [125].

5.2.2 Temperature

The study [126] revealed that the sound absorption characteristics of mineral
wool remained unaffected by the change in temperature in the range of 10–50 °C.
Least square method was used to develop a theoretical relation between the noise
reduction coefficient and the thermal conductivity at different temperature
conditions.

5.2.3 Process parameters

Process parameters during absorbent material formation have an important
impact on sound absorption due to their effects on the characteristics of the absor-
bent material. It reported that ‘air laid’ web based nonwovens offered higher sound
absorption compared to carded ones irrespective of the fibre content. This might be
due to higher flow resistivity of air laid nonwovens because of relatively random
placement, and thus, higher tortuosity, the higher number of pores with smaller
sizes, higher number of fibre to fibre contact points, and gradient in porosity due to
gravity. Among web bonding methods [3], did not find a significant difference
between needled and needled plus thermally bonded nonwovens. Thermal bonded
and needle punched nonwoven (punching density of 28 cm�2) from polypropylene
and needle punched polyamide nonwoven offered maximum absorption of sound at
a material density of 100 kg/m3 over a frequency range of 63 to 8000 Hz [88]. The
fibres of diameter 10 to 40 μm were used to manufacture the nonwovens with
thickness varying from 3 to 20 mm. The study revealed that the needle punched
nonwovens had more dependency on the frequency of sound energy as well as on
the diameter of fibres compared to thermally bonded webs.

6. Testing and characterisation of sound absorbing material

6.1 Absorption coefficient

When a beam of sound wave (Ei) strikes against a barrier, gets divided into three
parts: i) Er is reflected part ii) Ea is the part absorbed in the barrier iii) Et is
transmitted part to the other side of the barrier as shown in Figure 1. These
phenomena can be written as
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Ei ¼ Er þ Ea þ Et (13)

Then the sound absorption coefficient, α is defined as follows [7, 93].

∝ ¼ Ei � Er

Ei
¼ Ea þ Et

Ei
(14)

Equation (13) shows that all portion of the sound energy which is not reflected is
considered to be absorbed.

When an infinitely large boundary plane presents between two media, the path
of movement of the sound wave traveling from Medium 1 to 2 is normal to the
boundary plane, as shown in Figure 2. The relation of reflected and transmitted
sound can be expressed as:

Pi þ Pr ¼ Pt (15)

Vi þ Vr ¼ Vt (16)

where, Pi is incidence sound pressure, Pr is reflected sound pressure, V = P/Z and
Z is the inertance or impedance

Figure 1.
Typical behaviour of sound wave striking a wall.

Figure 2.
Reflection and transmission at the boundary between two media.
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Z1 ¼ ρ1c1 and Z2 ¼ ρ2c2

The sound pressure reflection coefficient rp is

rp ¼ Pr

Pi
¼ Z2 � Z1

Z2 þ Z1
(17)

The relationship between the absorption coefficient and sound pressure reflec-
tion coefficient between two media is given by:

αr ¼ Er

Ei
¼ Pr

Pi

����
����

� �2

¼ Z2 � Z1ð Þ2
Z2 þ Z1ð Þ1 (18)

α ¼ 1� rp
�� ��2 ¼ 1� Er

Ei
¼ 1� Pr

Pi

����
����

� �2

¼ 1� Z2 � Z1ð Þ2
Z2 þ Z1ð Þ1 (19)

6.2 Principles of sound absorption measurement

Two standards and one relative measurement technique are used to measure the
noise control property of absorbing material and describe in detail as follows.

6.2.1 Impedance tube method

This technique (Normal Incidence Technique) [4, 7, 127] is based on normal
incident sound energy and requires a tube (Figure 3) where its diameter is smaller
than the wavelength. The absorption coefficient can be measured in impedance
tube as per ASTM E 1050-12 and ISO 10534-2: 1998 standards [128, 129]. The
circular sample of φ 30 mm and φ 100 mm are tested against the rigid back wall
using two tubes. The larger diameter tube (φ 100 mm) is used to measure the
absorption coefficients in the frequency range, 63–1600 Hz, and a smaller diameter
tube (φ 30 mm) for measuring in the frequency ranges from 1000 Hz–6300 Hz.
The samples are tested five times to minimize the influence of variation of thickness
and areal density.

6.2.2 Reverberant field method

Measurement of sound absorption is concerned with the performance of a
material exposed to a randomly incident sound wave, which technically occurs
when the material is in a diffusive field (Random Incidence Technique) [7, 130]. EN
ISO 354 (2003) testing standard method [131] is employed to measure the

Figure 3.
Schematic diagram of impedance tube.
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reverberation time (RT) to determine the absorption coefficient. This technique
requires a reverberation chamber with a volume of 200 m3. The diffused acoustic
field is created inside the room to test the sample with an area between 10 m2 and 12
m2. The absorption coefficient αr is calculated using the following formula from RT.

αr ¼ KV
s

1
Tm

� 1
T0

� �
þ α (20)

Where,
V = Volume of reverberation chamber, m3

S = Surface area of the material tested, m2

Tm = time with tested material, sec.
T0 = time empty, sec
α = Average sound absorption coefficient of reverberation chamber
K = constant=0.16

6.2.3 Clemson-Boston differential sound insulation method

Clemson-Boston Differential Sound Insulation (CBDSI) Tester [95] is used to
measure sound insulation of the material as shown in Figure 4.

CBDSI is comprised of a computer to process sound signal, an amplifier to
amplify the sound signal, sound source, sound chamber, sample holder to mount
the test sample, and a detector to detect the sound. The sound source generates
white noise [7] in the frequency range of 73 Hz to 20,000 Hz for testing the sound
insulation property of the material under investigation. The signal amplifier
amplifies the signals generated by the computer which are then converted into
sound waves via the sound source. The material under investigation mounted on the
sample holder interferes with sound energy as it is in the path of sound. The sound
moves through the sample and strikes the detector, which changes the received
sound signals to electric signals that are then analyzed by the signal-processing
computer. The test is also conducted with no sample in the sample holder to
measure the insulation property of the material in reference to the background.

Figure 4.
Schematic diagram of Clemson-Boston differential sound insulation tester.
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CBDSI tester provides a direct comparative analysis of various types of samples as
they are tested under the same conditions. Sound insulation property in terms of
‘Transfer Function Magnitude’ in dB unit is evaluated by this instrument.

7. Commercial players and market overview

Currently, a wide range of synthetic fibres is taken for noise reduction applica-
tions. Various structural forms of synthetic fibre use in noise control are woven,
nonwoven, knitted, fibre felts, and fibre reinforced composites. The different cross-
sections of synthetic fibre such as hollow [35, 85], and triangular, trilobal are
beneficial to improve acoustic absorption properties. It has been reported that
hollow fibre has higher sound absorption and of lighter weight. Superior mechanical
responses [23] of synthetic fibre and their various cross sectional in combination
with natural fibre [22, 52, 53, 72] make them suitable for optimized applications in
noise control. The use of recycled synthetic fibre [38] as a noise control solution
addresses the concern related to the disposal of hard generated after the use of
virgin nonbiodegradable synthetic fibre.

The forecasted growth size of the global noise control system market will be
nearly 200% during 2017-2027 [132]. The noise control materials generally used in
residential, industrial, and commercial applications in the form as follows

Acoustic panels
Acoustic tiles
Sound curtains
Acoustic surface
Sound insulating flooring
Sound barrier walls
Baffles
Sound blanket
Sound doors

8. Conclusion

In this chapter, the mechanism of sound absorption has been discussed first
followed by a detailed description of the type of sound absorbers such as Helmholtz
resonator, membrane absorber, perforated panel absorber, porous absorbers with
emphasis on textile materials as sound absorbers. Then the effect of fibre size,
thickness, density, porosity, tortuosity, compression, etc. on sound absorption has
been discussed followed by a brief description of the principles of sound absorption
measurement.
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Chapter 13

Sportswear: Acumen of Raw 
Materials, Designing, Innovative 
and Sustainable Concepts
Yamini Jhanji

Abstract

Sportswear constitutes an integral part of technical textiles and encases great 
potential as far as technological and design innovations are concerned. The sports 
textiles have witnessed tremendous evolution and that too at a much faster pace 
compared to ready to wear segment. The sports clothing is no longer restricted 
to sportsperson involved in performance sports or strenuous physical activities. 
However, there has been a surge for sports apparels and accessories among health 
conscious, fitness freak and gym enthusiasts. Accordingly, the sportswear industry 
has witnessed revolutionary advancements in development of different sportswear 
categories like active wear, leisurewear and athleisure to fulfill the requirements 
of sportsperson as well as health conscious millennials. The basic and functional 
requirements of comfort, breathability, light weight, anti-static and anti-odor 
properties can be engineered into sportswear by optimum selection of fibers, yarns, 
fabrics and garments’ designing aspects. The chapter will provide an insight on the 
classification, requirements, design aspects, raw material procurement, innovative 
and sustainable concepts employed in sportswear to enhance the functionality and 
comfort characteristics of sportswear. Furthermore, the role of technology and 
fashion in sportswear transformation is also covered in the last sections of the 
chapter.

Keywords: Accessories, Active wear, Comfort, Sportswear, Knitted fabrics,  
Leisure Wear

1. Introduction

Sportswear has emerged as one of the most promising and technologically 
driven textile segment with massive innovations and advancements involved right 
from raw material procurement to design and development of sports specific cloth-
ing. The field is promising and innovative with several avenues as far as research 
and development, pioneering new technologies and trailblazing concepts are 
concerned.

The basic requirements of thermo physiological as well psychological comfort, 
dexterity, agility to wearer, breathability, moisture management, light weight, anti-
microbial and anti-odor properties can be incorporated into sportswear by correct 
selection of fibers, yarns and fabric variables for sportswear. The sports clothing is 
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no longer restricted to sportsperson involved in performance sports or strenuous 
physical activities. However, there has been a surge for sports apparels and acces-
sories among health conscious, fitness freak and gym enthusiasts. Accordingly, the 
sportswear industry has witnessed revolutionary advancements in development of 
different sportswear categories like active wear, leisurewear and athleisure to fulfill 
the requirements of sportsperson as well as health-conscious millennials. Apart 
from functional requirements, a lot of emphasis is being laid on esthetic aspects as 
well considering increasing number of females involved in yoga, gyming and other 
sporting activities who give precedence to silhouette, colors and other design details 
of sportswear. Accordingly, the technological as well as ergonomic advancements 
in sportswear design and development have opened new avenues for researchers to 
explore the field further.

2. Sportswear categorization

The sportswear can be categorized based on a number of factors such as:

• Sportsperson’s level of physical activity and fatigue

• Stress involved during strenuous activity

• Duration for which the sportsperson doffs the clothing

• Ambient conditions.

2.1 Categorization based on level of physical activity

The sportswear can be classified into active and leisure wear based on the 
sportsperson’s level of physical activity.

2.1.1 Active wear

Active wear also referred to as professional sportswear encompasses the 
sportswear attire that are usually worn by sportspersons for short time duration 
when indulging in rigorous, high level of physical activities such as skiing, long 
jump, high jump and other such adventure sports etc. All such sports demand 
active, stressful and maximum physical performance thereby resulting in profuse 
sweating (sensible perspiration) experienced by the sportsperson. The designing 
of active wear is not as challenging a task as the design considerations for leisure 
wear because sportsperson during the entire duration of active sport is exposed to 
constant ambient conditions within the boundaries of the playing ground irrespec-
tive of indoor or outdoor conditions Moreover, the factors like sportsperson’s age, 
gender and frequency of doffing the clothing is predetermined which can serve as 
quick guide for designers while designing active wear.

2.1.2 Leisure wear

Leisure wear comprises sportswear worn during sports activities like cricket, 
hockey and golf. The aforesaid sports activity demands intermittent performance 
with alternating active and rest phases by sportsperson and with prolonged 
exposure to varying ambient conditions. Leisure sportswear are worn by players 
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belonging to varying age and gender groups and those indulging in low to moderate 
physical activity. Moreover, the duration and frequency of wearing and ambi-
ent conditions are all variable during the course of the activity. Consequently, 
the designing of leisure wear is a challenging task for designers as they need to 
consider the varying ambient conditions and extended durations on the field to 
which wearer would be subjected. The wearer is expected to don the clothing the 
entire day or several hours at stretch in changing environmental conditions. Thus, 
the designing of leisurewear needs special consideration of wearer’s physiological 
requirements and changing environmental conditions to which sportsperson will be 
exposed while indulging in sports activity. Furthermore, casual and exercise wear, 
parkas, hoodies, pants, and crew neck fleece sweaters that provide a combination 
of esthetic, style, comfort, and functionality in a less competitive mode can also be 
included in category of leisurewear.

2.2 Categorization based on sport specific requirements

The sportswear can also be classified based on specific requirement of sports. 
Different sports involve different level of physical exertion and are performed in 
varying ambient conditions. Consequently, the clothing worn for a particular sport 
like cycling may not be suitable for another sport such as under water sports, moun-
taineering etc. performed in contrastingly different environment. The sportswear 
can be classified into dry, damp and wet fast action sportswear based on sports 
specific requirements.

2.2.1 Dry fast action sportswear

Dry fast action sportswear are worn during sports activities such as football, 
rugby, tennis and track games that demand optimum moisture management prop-
erties enabling quick sweat absorption and dissipation thereby providing cooling 
effect to wearer.

2.2.2 Damp-fast action sportswear

Damp-fast action sportswear is suitable for sports where rapid sweat evapora-
tion from the skin surface is a prerequisite. Apart from rapid transfer of liquid 
perspiration, the sportswear should ensure good water vapor permeability, water 
proofing and protection from cold along with high degree of stretch ability.

2.2.3 Wet-fast action sportswear

Wet-fast action sportswear is specially designed for sporting activities like 
swimming and other under water sports activities which require a high degree of 
stretch and form fitting. The clothing plays a vital role in enhancing the athlete’s 
performance by reducing drag and fatigue.

2.3 Categorization based on weather conditions

The weather conditions to which sportsperson are exposed during the activity 
also dictates the classification of sportswear. Accordingly, the sportswear may be 
classified as cold, moderate and hot weather sportswear. The material selection and 
design aspects for three categories will vary drastically owing to different set of 
properties required for each clothing type.
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2.3.1 Cold weather sportswear

Cold weather sportswear is generally worn during ice skating, mountaineering 
and any such winter outdoor activity where the wearer is at risk of heat loss and 
thus hypothermia. The cold weather sportswear should be able to trap the body 
heat and provide protection against cold and humid conditions. Consequently, the 
clothing is designed in such a manner that it exhibits high thermal insulation for 
entrapment of body heat and breathable for moisture vapor sweat to easily escape 
out but prevent the ingress of liquid from external sources through clothing.

2.3.2 Moderate weather sportswear

Moderate weather sportswear is preferred by sports enthusiasts when ambient 
conditions are conducive with moderate temperature and humidity. Accordingly, 
sportswear worn in moderate climate should be breathable, permeable to air and 
heat passage to ensure dry and comfortable feel to wearer.

2.3.3 Hot weather sportswear

Hot weather sportswear are generally preferred when the ambient temperature 
is high and the wearer may be at risk of hyperthermia as he experience profuse 
sweating (sensible perspiration) and elevated body temperature as a synergistic 
effect of his own metabolic heat generation and the hot weather. The clothing 
should thus be light weight, quick drying, and wick able to push the liquid moisture 
away without sweat absorption in next to skin layer and should exhibit high thermal 
conductivity for rapid heat dissipation thereby ensuring dry and cool feel next to 
skin [1–3].

The requirements and key design aspects of sportswear will be discussed elabo-
rately in the next sections of the chapter.

3. Requirements of sportswear

The categorization of sportswear discussed in previous section highlighted that 
sportswear are categorized based on level of wearer’s physical activity, specific 
sports and ambient conditions. The requirements for each sportswear category will 
be drastically different as the clothing is worn in altogether different ambient condi-
tions, for varying durations and frequency. Sportswear designed as active wear for 
outdoor applications should provide protection to wearer against external elements 
and environmental extremities such as wind, sunlight, rain and snow. Moreover, 
the clothing should possess optimum thermal and moisture management proper-
ties in order to maintain the heat balance between the metabolic heat produced as a 
result of physical activity and the outside environment. Perspiration both in vapor 
(insensible) and liquid (sensible) form should be readily dissipated to the outside 
environment to provide dry microclimate next to skin for the wearer. This require-
ment can be met by designing the sportswear that exhibit low resistance to heat 
transfer and evaporative heat loss. Sportswear should ensure rapid liquid transfer 
by means of wicking and should have good drying ability to prevent condensation 
of liquid sweat near skin. However, a high level of thermal insulation is prerequisite 
for cold weather sports clothing so as to prevent body heat to escape to outside 
environment. Contrastingly, low thermal insulation is desirable for sportswear 
intended for warmer climates. The concept of “Onion-skin” principle encompass-
ing clothing system with several layers and consisting of several clothing items is 
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applied in sportswear to achieve variable thermal insulation as per the capricious 
ambient conditions. The clothing can thus be adapted to the changing environment 
by donning or doffing individual clothing items for effective protection against the 
external elements [1–4].

Furthermore, the requirements for sportswear can be as categorized into func-
tional and esthetic requirements, both of which play a crucial role in determining 
the performance and consumers acceptability for the clothing. Functional attributes 
of sportswear pertain to light weight, low fluid resistance, high tenacity, strechablil-
ity, thermal regulation, UV protection, vapor permeability, and sweat absorption 
and release while esthetics requirements entail softness, surface texture, handle, 
luster and color of the sportswear.

In general, the most common characteristics sought in sportswear can be 
enlisted as follows:

• Optimum thermal and moisture regulation

• Good air and water vapor permeability

• Rapid moisture absorption and wicking property

• Absence of dampness & dry feel next to skin

• Rapid Drying ability

• Low water absorption of next to skin layer clothing

• Dimensionally stable even when wet

• Durable, easy care and lightweight

• Soft and pleasant touch

• Effective protection against external elements such as extreme cold, sunlight, 
wind, rain etc.

• Stretch ability, form fitting and shape retention

• Antimicrobial & antistatic properties.

4. Fiber, yarn and fabric interplay for sportswear design and development

The type of sport, ambient conditions and level of physical activity as discussed 
in the previous section dictates the functional requirements and performance 
characteristics of sportswear.

Sportsperson involved in high active sports such as tennis and soccer usually 
experience heat stress owing to high amount of metabolic heat generation and pro-
fuse sweating. Therefore, the thermo-physiological comfort aspect of sportswear is 
of utmost importance for such sports to ensure well-being of sports person without 
any hindrance to their performance and efficiency. Dry microclimate for wearer 
involved in intensive physical activity and in hot, humid conditions is ensued 
by engineering fabrics exhibiting effective moisture vapor and liquid moisture 
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transmission through fabric. The effective heat and moisture dissipation through 
fabrics intended for active wear requires special consideration of geometry, packing 
density and structure of the constituent fibers in yarn and fabric construction.

Thermo-physiological comfort properties of sportswear are influenced by multi-
tude of fiber, yarn and fabric variables that influence inter yarn spaces, capillary 
geometry and in turn the moisture vapor and liquid moisture transmission through 
textile structures.

Sportswear engineered with specialized fibers, yarns and fabric structures 
exhibit excellent moisture management properties. Accordingly, sportswear design-
ers experiment with variable fiber cross-sectional shape, shape factor and specific 
surface area of fiber, yarn variables like twist, linear density, structure and packing 
coefficient and fabric variables like loop length and porosity, varying knit struc-
tures like plated, elastene fabrics and those designed with bio mimic concepts to 
design sportswear intended for performance sports to keep the wearer comfortable 
with dry sensation next to skin.

Undoubtedly, the role of fibers, yarns and fabric structure in engineering textile 
structures suitable for sportswear cannot be undermined. The following section will 
discuss the role of fibers, yarns and fabric variables and their selection criteria for 
sportswear design and development.

4.1 Fiber variables and their influence on thermo-physiological comfort aspects

A combination of natural and synthetic fibers is an optimal solution when 
designing clothing for next to skin and sportswear applications. However no single 
fiber or different fiber blends can ensure ideal clothing suitable for varied applica-
tions. The right type of fiber needs to be in the right place according to the fabric’s 
end use. Any wrong selection of fiber combinations may lead to thermal and 
wetness discomfort to the wearer if water absorption and liquid transfer properties 
of the selected fibers are not according to level of sweat generated.

The primary requirements of effective liquid transmission, better wick ability 
and faster drying in sportswear can be achieved by incorporation of varying fiber 
profiles like tetra channel, hexa channel, five-leaf, trilobal and triangular cross-
sections that offer enlarged surface area for transmission of liquid sweat compared 
to their circular counterparts (Figure 1a and b).

Coolmax is modified polyester fiber developed by Dupont. The fiber resembles 
double scallop with four channels having 20% more surface area than conventional 
polyester fiber therefore offering better wicking, moisture vapor permeability and 
water spreading over greater area in fabric.

4 DG fiber is speciality fiber with eight-legged cross section made of polyester 
and other polymers and large surface area/volume and bulk compared to round 
fibers. The fiber is capable of moving, storing and trapping the fluids owing to the 
unique grooved shape. Accordingly, fibers of varying cross sections are finding 
applications in sportswear owing to their effectiveness in heat, moisture and liquid 
transmission through fabrics.

Incorporation of non-circular fiber profile are characterized by increase in 
fiber’s shape factor which influences the fiber capillary spaces, inter yarn pore 
spaces, packing density, specific surface area and in turn the thermo-physiological 
properties of fabrics.

Fibers with greater specific surface area possess good moisture absorption and 
release properties. The micro grooves present on fiber surface enhance capillary 
absorbency, cause siphoning of moisture which can thus be dissipated by spreading 
over fiber surface. Figure 1b shows the different fiber cross-sections generally used 
in sportswear.
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Moisture transmission properties of individual components can be drastically 
improved by blending two or more fibers into single yarns. Polyester and cotton 
fibers in blended form are increasingly being used for specialized yarn production 
to achieve good wicking and low absorbency.

Wicking and thermal resistance can further be improved by creation of hollow 
and microporous yarn core by combination of different fibers such as cotton and 
PVA fibers (Figure 2a).

Welkey is fiber with hollow core and body of fiber has proliferation of small 
holes. Thermal resistance increases as a result of increased number of air spaces 
inside fibers. Wicking of sweat next to skin is possible by capillary action caused by 
small holes forming proliferations in fiber body. The fiber can thus be effectively 
utilized for designing winter wear sportswear to obtain efficient moisture manage-
ment along with rapid sweat dissipation.

Bicomponent fiber is classified based on fiber cross-section into side- by side, 
sheath core, islands in the sea, segmented pie cross-section. Matrix of one polymer 
contains another polymer and micro denier fibers can be generated by this type of 
bi component structure. Polyester, polypropylene, nylon forms the island in the 
structure.

Bi-component filament yarn, Naiva developed by combination of 55% Naiva 
(Eval/ Nylon) yarn and 45% nylon microfiber is used for development of light 
weight, soft and moisture absorbing Naiva fabric suitable for mountaineering and 
other active sportswear. The extraordinary thermal and moisture management 
properties of Naiva fabric may be attributed to micro loops on the surface of Naiva 
fabric (Figure 2b) as a result of high thermal shrinkage property of yarn.

Figure 1. 
(a) Different fibers for sportswear, (b) fibers of varying cross sections.
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Eval, one of the components of bi component yarn is the copolymer resin of 
ethylene vinyl-alcohol [1–3].

Several researchers have explored the possibilities of combining different com-
modity and speciality fibers to engineer a textile structure suitable for sportswear 
with desirable thermal and moisture management properties.

Gurudatt et al. [5] studied the absorption and drying behavior of textile using 
cotton, polyester of regular cross section, polyethylene glycol modified polyester 
and scalloped oval cross-section fiber. It was suggested that absorption capacity 
of polyester enhances by cross-section and polymer modification. Knitted fabrics 
using scalloped oval cross section had higher absorption rate compared to regular 
polyester fiber.

Das et al. [6] studied the effect of fiber cross-sectional shape on moisture 
transmission properties of the fabrics and suggested that wicking rate through 
fabrics increased while water vapor permeability reduced as the fiber shape factor 
increased.

Figure 2. 
(a) Core hollow yarn composed of cotton & PVA fibers. (b) Micro loops on surface of Naiva Fabric.
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Matsudaira and Kondo [7] reported that more water could be absorbed by poly-
ester fibers by making grooved or non-grooved hollow in fiber due to increase in 
space ratio and surface area of fiber in their studies on moisture transport proper-
ties of fabrics having different ratio of space to polymer in fiber cross-section.

Su et al. [8] developed composite knitted fabrics by blending profiled polyester 
fibers and cotton fibers. Fabrics with decreasing cotton content showed higher 
diffusion rate and drying rate. Worst water absorption ability was shown by 
fabrics made of profiled polyester alone. They suggested that moisture absorption 
and release of fabrics could be improved by making fabrics from core and cover 
yarns of polyester profile filament, profile polyester spun and cotton in different 
blend ratios.

Troynikov and Wardiningsih [9] suggested that blending wool fiber with 
polyester and regenerated bamboo fiber, produced fabrics with better moisture 
management properties than fabrics without blending.

Fangueiro et al. [10] studied the wicking and drying ability of knitted fabrics 
produced from blends of wool- coolmax and wool- fine cool. It was reported that 
fabrics with coolmax fibers could transport perspiration quickly from the skin to 
environment and showed the best capillarity performance, fine cool fabrics had 
higher drying rates whereas wool fiber-based fabrics showed low water absorption 
but good drying rate.

Oner et al. [11] observed higher overall moisture management capacity values 
for polyester fabrics compared to cellulose based fabrics and suggested that cotton 
fabrics caused wetness to be felt more than other fabrics.

Long [12] stated that liquid water transfer from the back to the face layer 
depends upon the water absorption of the fiber materials of the two layers and to a 
greater extent their difference.

Adams and Rebenfeld [13] observed that polyester fabrics showed better liquid 
water diffusion due to fast capillary action as the contact angle of polyester and 
water is small compared to wool. Highly hygroscopic fibers like wool took longer to 
reach equilibrium during process of water diffusion compared to less hygroscopic 
fibers like polyester.

Supuren et al. [14] investigated the moisture management properties of the 
double face fabrics and suggested that polypropylene (back) and cotton (face) 
fabric had better moisture management property.

Mehrtens & Mcalister [15] reported low wick ability for nylon fabrics when 
compared to cotton and orlon fabrics and suggested combination of lower fabric 
weight and thickness led to better comfort in their studies on knitted sport shirts for 
hot and humid conditions.

Ozturk et al. [16] studied the influence of fiber type on wicking properties of 
cotton- acrylic yarns and fabrics and suggested that wicking ability of yarns and 
fabrics increased with the increase in acrylic content in the blends.

The exhaustive reported research emphasizes that the fiber types owing to 
difference in their chemical nature and surface geometry have strong influence on 
heat, moisture, liquid transfer and moisture management properties of textiles.

4.2 Yarn variables and their influence on thermo-physiological comfort aspects

The yarn variables namely twist level, linear density, spinning system and yarn 
types play a crucial role in influencing the moisture vapor and liquid moisture 
transmission and in turn the thermo-physiological comfort aspects of sports tex-
tiles. The variation in any of these yarn variables influence the yarn structure which 
in turn depends on fiber geometry. Distribution of fibers in yarn dictates thermal as 
well as moisture transfer properties of fabrics.
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Yarn structure is not rigid and capillary flow may produce lateral stress, which 
affects capillary sizes during liquid rise. Disruption of the continuity, length and 
orientation of the capillaries occurs due to changing packing density throughout 
yarn structure. Heterogeneity of pore size, shape and orientation affects the pen-
etration of liquid into the yarn structure and hence its liquid retention properties. 
Likewise, number of filaments, yarn tension and twist significantly affect the yarn 
wicking performance by influencing the way in which individual filaments can pack 
in the yarn thus determining the amount of void spaces between filaments.

Moisture transfer is affected by degree of yarn twist, higher twist yarns improve 
capillary effect in moisture transfer as they are compact and provide less air volume. 
Lower twist generally results in reduced water transport through fabrics due to 
reduction in number and continuity of inter fiber capillaries. Twist in the yarn also 
affects the size of capillaries due to helical path of fibers in the yarn. More liquid 
on surface of twisted yarn is retained due to rough surface profile of these yarns 
compared to filament yarns.

Awadesh Kumar and Ramratan [17] studied the moisture management proper-
ties of different knit structures composed of micro polyester, texturized polyester 
and polyester –spandex blend and concluded that micro polyester fiber fabrics 
exhibited better liquid transmission properties compared to their counterparts 
owing to more capillary channels.

Linear density of constituent yarns affects the radial spread of water in fabrics. 
Fast liquid flow through inter yarn spaces in fine yarns is possible due to reduced 
capillary radius and low water retention of finer count yarns.

The yarns produced on different spinning system play a crucial role in dictating 
thermo-physiological properties of textiles intended for varied applications. The 
difference in the yarn structure and packing density of yarns produced on differ-
ent spinning systems account for different thermal, moisture and liquid transfer 
properties of fabrics made from these yarns. Physical features of yarns and fabrics 
produced from these yarns are influenced by the type of yarn production (ring-
spun, compact, open end) and in turn affect the performance properties of fabric.

A variety of yarns like ring, rotor, friction, vortex and compact spun yarns are 
used for varied applications in sports textiles. Dimensions and structure of inter 
yarn and intra yarn pores, pore size and their distribution along fabrics are influ-
enced by density and structure of yarn.

Ring and rotor spun yarns vary widely in their structure which contributes to the 
entirely different properties of the two yarns. Ring-spun yarn has an ideal cylin-
drical helical structure with same number of turns per unit length in each helix, 
uniform specific volume and maximum packing density in the outermost zone of 
the yarn cross-section. Rotor spun yarn has a bipartite structure with an inner core 
which forms the bulk of the yarn and an outer zone of wrapper fibers occurring 
irregularly along the core length. Rotor yarn shows maximum packing density in 
first zone from core. Core part of rotor yarn is relatively dense structure; sheath 
part is less dense structure with belly-bands (Figure 3).

Yarn types can significantly influence the performance properties of textiles by 
affecting the fabric’s bulk properties. Yarn hairiness and roughness can bring about 
changes in thermal properties of fabrics by entrapment of still air layer. Likewise, 
the moisture and liquid transfer properties of textiles are significantly affected 
by yarn types owing to difference in yarn roughness and arrangement of fibers in 
yarns. Increase in yarn roughness results in reduced rate of water transport through 
fabrics due to increase in effective advancing contact angle of water on yarn. Yarns 
with more random fiber arrangement can retard the liquid transfer by wicking as a 
result of disruption in continuity of capillaries formed by fibers. Wicking of yarns 
and fabrics is affected by difference in yarn surface roughness. Rough yarns are 
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formed by wool fibers with high apparent contact angle owing to random distribu-
tion of fibers in the yarns and the natural crimp. Yarns made of synthetic fibers have 
smooth surfaces and are well aligned.

Water transfer by capillary process is thus affected by two factors:

• Increase in yarn roughness causes an increase in effective advancing contact 
angle of water on yarn

• Random fiber arrangement decreases the continuity of capillaries formed by 
fibers in yarn

The following section reviews the studies undertaken and reported to determine 
the effect of various yarn variables on thermo-physiological aspects of textiles.

Y Jhanji et al. [18] studied the moisture management properties of polyester-
cotton plated fabrics of ring vis a vis rotor yarns. They observed that ring yarn 
fabrics exhibited higher moisture vapor transmission rate, trans planar wicking, 
lower wetting time and higher one-way transport capacity as compared to rotor 
yarn fabrics, making the former suitable where body needs to dissipate sweat both 
in vapor and liquid forms, with respect to fabrics using combination of rotor-spun 
cotton yarns, which show higher absorbent capacity and would be slow drying 
with poor one way transport capacity. They concluded that yarn spinning system 
plays an important role in influencing moisture management properties of fabrics 
intended for next to skin applications.

Ansary [19] studied the influence of number of filaments on air permeability of 
polyester woven fabrics and reported a decrease in air permeability with increase in 
the number of filaments in the cross section of filling yarns.

Li and Joo [20] compared nano-scale filament, micro filament and normal 
filament knitted fabrics for their liquid transfer properties and concluded that 
nano-scale filament fabrics showed low porosity, high aerial density and increased 
absorption capacity and absorption rate. Better water absorption ability of nano 
scale filament fabrics compared to micro filament fabrics was attributed to smaller 
pore size of nano scale filaments compared to micro filaments.

Das et al. [21] varied the denier per filament for polypropylene knitted fabric to 
assess its influence on thermo-physiological comfort properties and observed that 
water uptake and wicking increases with increase in the number of filaments.

Behera et al. [22] compared the comfort properties of ring, rotor and friction 
spun yarn fabrics and suggested that ring and rotor spun yarns were comparable in 

Figure 3. 
SEM images of ring & rotor spun yarns.
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thermal comfort aspects, friction spun yarn being the most suitable. They pointed 
out that in the normal wear conditions and in the absence of perspiration, rotor 
spun yarn would be superior to ring-spun yarns.

Kumar et al. [23] compared ring, rotor and vortex yarn knitted fabrics and 
observed that ring yarn knitted fabrics showed good knitting performance and 
smooth feel, however abrasion resistance of rotor and vortex spun yarn fabrics were 
higher than ring spun yarn fabrics.

Erdumlu and Saricam [24] studied the wicking and drying properties of vortex 
spun yarns and knitted fabrics in comparison with ring-spun yarns and fabrics. 
They observed that yarn type significantly affected the yarn wicking, fabric wick-
ing and water absorbency. Vortex spun yarn owing to crimped yarn axis and tight 
wrappings along yarn length had lower yarn and fabric wicking values than ring-
spun yarn fabrics. Fabrics knitted from ring-spun yarns wicked and absorbed water 
more evenly than fabrics knitted from vortex spun yarns.

Singh and Nigam [25] compared carded, combed and compact spun yarn woven 
fabrics for their comfort performance and reported that carded weft yarn-based 
fabric samples showed higher resistance against air drag than combed and compact 
weft filled fabric samples. Compact weft yarn fabrics showed high water vapor 
permeability and were reported to be suitable for summer wear shirting. Carded 
yarn woven fabrics showed high thermal insulation and were.

Sengupta and Murthy [26] reported that open- end spun yarns showed lesser 
wicking time for any given vertical weight compared to ring- spun yarn fabrics. 
They observed that owing to dense core and less dense skin of open-end yarns it 
showed differential dyeing behavior in core and skin with dye wicking to greater 
height in the core than in surrounding sheath fibers.

Chattopadhyay and Chauhan [27] compared ring and compact yarns for their 
wicking performance and suggested that ring yarns showed faster wicking com-
pared to compact yarns as evident from higher equilibrium heights for ring yarns. 
They explained the lower wicking of compact yarn due to less average capillary 
size of compact yarn compared to ring yarn owing to higher packing coefficient of 
compact yarn.

4.3 Fabric variables and their influence on thermo-physiological comfort aspects

The thermo-physiological properties of textile materials particularly sportswear 
depend on constructional variables and bulk properties of fabrics. Fabric structure, 
thickness, cover factor, aerial density, bulk density, fabric porosity and finishing 
treatments affect the thermal and moisture management properties and hence 
determine the comfort properties of fabrics.

Woven and knitted fabrics are generally used for varied applications like inner 
wears, outerwear, work wear and sportswear. Knitted fabrics owing to lower cover 
factor have more pores in their structure and the porous structure ensures good 
air, moisture and heat transfer properties and show better liquid transmission 
properties than woven fabrics. The difference in basic structures of textile materials 
account for variation in amount of water absorbed by different fabric constructions. 
The structural differences are related to fiber arrangement in yarn thereby affecting 
yarn roughness factor Cos θ and size and continuity of capillaries. Random fiber 
arrangement leads to high contact angle; while lower contact angle associated with 
faster movement of water in yarns and fabrics is attributed to high degree of fiber 
alignment.

The different fabric structures used for sportswear vary in their bulk properties 
such as fabric tightness, porosity, aerial density and thickness that in turn dictate 
the heat, moisture and liquid transfer through the fabrics. Availability of inter yarn 
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spaces for heat transmission, passage of air and moisture diffusion depend on the 
fabric’s tightness factor. Thus, the bulk properties of fabric structures are crucial for 
optimum air, heat and moisture transmission through sportswear.

Several researchers have attempted to engineer different knit structures and 
compared the structures in terms of their comfort and performance properties 
intended for sportswear and other functional textiles. Innovative knit structures 
like plated fabrics, moisture management fabrics with different combinations 
of yarns in alternating courses, multilayered fabrics and fabrics mimicking the 
biometrics of plant structure have been developed for providing effective thermal 
and moisture management properties and sense of well-being to the wearer.

Structured or engineered fabrics are used in application areas relevant to 
commercial interest. Class of structured fabrics is moisture management fabrics; 
utilizing two or more fiber types in layered structures rendering two sides of fabrics 
distinctly different in character. Each side of fabric has the ability to exhibit differ-
ent performance characteristics and thermo-physiological properties. Light weight 
two sided fabrics finding applications in varied areas are produced by plated knitted 
technique.

Both hydrophobic and hydrophilic yarns can be fed to single set of knitting 
needles and two separate yarns thus pass through each single needle of the set 
appearing distinctly on face and back sides of fabrics. Careful control of feed and 
positioning of two yarns is important to position distinct yarns in the two layers.

Plated knit structure is a double layered construction characterized by distinct 
face and back layers. The two layers are composed of different materials and accord-
ingly serve different roles in providing wearer comfort.

One layer of plated fabric is the inner layer which is in direct contact with skin 
and serves the role of quick removal and transportation of sweat from body in 
vapor and liquid form. This layer serves as a separation layer and is composed of 
conductive and diffusive yarns generally characterized by low water absorption 
properties.

Another layer of plated fabric is the outer layer which is not in direct contact 
with the skin and prevents humidity build up near skin and vaporizes it to environ-
ment. This layer serves as absorptive layer and is composed of hydrophilic fibers 
and governs the liquid spreading and drying ability of fabrics. Figure 4 shows the 
schematics of face and back layers of plated fabric.

Figure 4. 
Schematics of plated fabric (a) face and (b) back layer.
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Selection of fiber and yarn combinations in the two layers can have a great bear-
ing on the comfort properties, performance, esthetic appeal and end use of the knit 
structures.

Fibers of different chemical nature and thus different water absorbing proper-
ties can be used in different combinations to appear in face and back layers of plated 
fabrics.

Double layered knitted fabrics can be divided into following four types based 
on different fiber combinations and difference in water absorption properties of 
different fibers used in the two layers.

4.3.1 Double layered fabrics with hydrophobic fibers in face and back layer

The fabric has hydrophobic fiber in both face and back layers as shown in 
Figure 5a.

Liquid sweat next to skin cannot be absorbed by inner layer owing to its hydropho-
bicity and the only means by which sweat can be removed from skin is water vapor 
diffusion through pores within fabric. The diffused water vapor will evaporate slowly 
from the face layer in turn causing thermal and wetness discomfort to the wearer.

4.3.2  Double layered fabrics with hydrophilic fiber in back and hydrophobic fiber 
in face layer

The fabric has hydrophilic fiber in back/next to skin layer and hydrophobic fiber 
in face layer as shown in Figure 5b.

Liquid sweat next to skin can be absorbed by the back hydrophilic layer but the 
transfer of sweat to the face layer is restricted owing to hydrophobicity of the face 
layer. Thermal insulation of fabric decreases and fabric gives sensation of wetness 
and coolness as the pores in the inner layer are filled with water, removing the static 
air from the pores.

4.3.3 Double layered fabric with hydrophilic fibers in face and back layers

Figure 5c shows the fabric with hydrophilic fiber in face as well as back layers.

Figure 5. 
Water transfer from skin to different fabric layers. (a) Hydophobic yarns in inner & outer layer, (b) 
Hydrophillic yarn in inner & hydrophobic yarn in outer layer, (c) Hydrophilic yarn in inner & outer layers, 
(d) Hydrophobic yarn in inner & hydrophilic yarn in outer layer.
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Sweat from skin is picked up by hydrophilic fibers of back layer resulting in 
moisture accumulation and poor transfer to face layer. Water remains in the back 
layer and evaporation rate will be small owing to smaller wet area. The fabric will 
feel cool and wet to the wearer.

4.3.4  Double layered fabric with hydrophobic fiber in back and hydrophilic fiber 
in the face layer

Figure 5d shows the fabric with hydrophobic fiber in the back and hydrophilic 
fiber in the face layer. The back hydrophobic layer without absorbing the sweat 
itself transfers it to the face layer by means of capillary wicking. Face layer owing 
to hydrophilic fibers has good water absorption property and hence enables quick 
evaporation of sweat to environment by providing larger wet area.

Based on classification of double layered fabrics, Lord [28] indicated that that 
structure (d) with hydrophobic fiber in the back and hydrophilic fiber in the face 
layer would be most effective in maintaining dry skin micro climate by rapid liquid 
transfer to face layer. Additionally, several other researchers have unanimously 
recommended the use of hydrophobic fibers in next to skin and hydrophilic fibers in 
the face layer to achieve desirable moisture management and comfort properties in 
plated fabrics.

Plated fabrics designed with contrastingly different fiber and yarns exhibit the 
push- pull effect. Layer of hydrophobic fibers repel the perspiration next to skin 
and pushes or wicks it into outer layer of hydrophilic fibers which absorb or pulls 
away the moisture. Structured arrangement of hydrophobic and hydrophilic fibers 
in the two layers of plated fabrics and large difference in humidity between inner 
layer and ambient environment causes moisture movement from skin to outer 
atmosphere thus making the structures preferred choice for sportswear.

The structures are increasingly gaining popularity in apparels, next to skin 
applications, active wear and leisure sportswear owing to freedom in selection of 
contrastingly different constituents in the two layers. Therefore, the functional 
clothing intended for such applications are often specially engineered or structured 
such that the fabrics are normally two sided and are produced from a minimum of 
two yarns of different fiber content or characteristics.

Toda developed multi layered knitted structures composed of non-hygroscopic 
fibers. The structure was characterized by smaller inter fiber spaces in the face layer 
than in back layer by careful selection of fiber fineness, knitted structure and yarn 
type in face and back layers.

Yamini Jhanji et al. [29] investigated the effect of fiber type and yarn linear den-
sity on the thermal properties such as thermal resistance, thermal conductivity and 
thermal absorptivity along with air permeability and moisture vapor transmission 
rate of single jersey plated fabrics. They suggested that plated fabrics with nylon in 
the next to skin layer seemed suitable choice for warm conditions as these fabrics 
would feel cooler on initial skin contact owing to high thermal absorptivity and 
were permeable to passage of air and moisture vapor. Fabrics knitted with yarns of 
high linear density were found to be unsuitable in warm conditions owing to higher 
value of thermal resistance and lower values of air permeability and moisture vapor 
transmission rate.

Jhanji et al. [30] compared the moisture management properties of plated 
fabrics with altering hydrophilic and hydrophobic fibers in top and bottom layers 
and different types of hydrophobic fibers in top layers. They concluded that fabrics 
knitted with hydrophobic fibers (polypropylene, polyester) in top layers were suit-
able for next-to-skin applications as they were classified as moisture management 
fabrics owing to high values of accumulative one-way transport index and bottom 
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spreading speed. It was further suggested that fabric knitted with nylon in top layer 
was classified as water penetration fabric due to poor liquid transfer properties. 
Fabrics knitted with cotton in top layer irrespective of the hydrophobic fiber in 
bottom layer were poor in moisture management properties.

Ghosh and Kaur [31] studied the effect of tightness factor on liquid transport 
properties of plain knitted fabrics and observed that with increase in tightness 
factor, fabrics showed higher wicking and lower water absorbency. They suggested 
that higher tightness factor resulted in less tortuosity thus providing less compli-
cated path for liquid flow and offering less resistance to fluid flow compared to 
fabrics knitted with lower tightness factor.

Suganthi and Senthilkumar [32] studied moisture management properties of 
double layered fabrics varying the fiber types in inner and outer layers and observed 
that bi layered fabrics with micro fiber polyester in inner and modal in outer layer 
was the preferred choice for active sportswear owing to fabric’s better moisture 
management properties.

The published literature suggests that fabric structures engineered by strategic 
combination of hydrophilic and hydrophobic fibers, speciality fibers and yarns 
exhibit variations in their bulk, physical and comfort characteristics thereby 
influencing thermal and mass transport properties of textiles. The fabric structure 
and in turn the fabric properties determine the suitability of textiles for sportswear 
applications. Having discussed, the significance of fiber, yarn and fabric variables 
on functional aspects of sportswear in the previous section, it becomes necessary to 
highlight the key trends and innovations in sportswear which serve to enhance the 
performance as well as esthetic attributes of the sportswear. The designing aspects 
and innovative approaches employed to render smart functionality to sportswear 
will be covered in details in the following sections of the chapter.

5. Key trends in sportswear design and development

Key trends in sportswear design and development encompasses performance 
and esthetic evolution of sportswear from next to skin to exterior or outer wear.

The inception of new functional and high-performance fibers and waterproof 
and breathable materials like polypropylene, polyester, polyamide in micro fine 
denier and Goretex respectively led to innovations in first layer sportswear such 
as performance underwear. The functional properties like wicking, fast drying, 
anti-odor and UV blocking have been considerably enhanced by inclusion of new, 
innovative fibers. However, the raw material selection has not brought about radical 
changes in design aspects of the first layer.

5.1  Designing sportswear as first layer garments with enhanced functionality 
and unconventional styling

The first layer garments have undergone a major transformation with more 
emphasis on design and development of all-in-one suits in competition swimming 
and running, winter sport wear and athletics.

Furthermore, sportswear manufacturers are exploring the avenues for creating 
garments offering multiple functionalities in a single layer as per specific require-
ments of wearer’s body parts.

The first layer sportswear is particularly popular among runners and top level 
athletes who seek comfort, unhindered bodily movement, light weight, fast drying 
and stretch ability in their attires. Apart from functional aspects, first layer sports-
wear have witnessed huge esthetic transformation with emergence of racier styles 
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featuring attractive and variable designs, funky colors, quirky prints, patterns and 
strategic placement of trimming as means of surface ornamentation. The sportsper-
son and fitness freaks who once merely considered the performance aspects of their 
clothing, no longer follow a taciturn approach to doff a stylish, funky sportswear 
that can render psychological well-being to wearer and visual delight to viewers.

Accordingly, designers are fostered to include innovative design concepts such as 
elaborate patchwork, asymmetrical styling and unconventional placement of trim-
mings, notions and labels in their sportswear design collections with due consider-
ation to the changing preferences of sportspersons and consumers.

The functional aspects of performance under wears are enhanced by incorpora-
tion of innovative technologies like application of moisture management, UV pro-
tective, bacteriostatic finishes, controlled release of chemicals and other auxiliaries 
via microencapsulation. Accordingly, the underwear exhibit exceptionally superior 
moisture management properties, thermal and UV protection, antimicrobial and 
antistatic properties. Apart from functional attributes, the performance underwear 
have evolved significantly with vibrant fabric colors, contrasting trimming and 
off-center patterns widely used in their designing.

Introduction of asymmetrical design concepts like placing the closures along 
the side seam serve both esthetic and functional aspects by rendering unorthodox 
fashion appeal, layering and enhanced wearer agility. The trendy styles are thus 
becoming asset for youth oriented sportswear.

The first and second skin sportswear segment once considered a dowdy cat-
egory, has emerged as top notch sportswear segment bringing new dynamics to 
sportswear market with all the innovative design concepts enjoying consumer 
acceptance.

5.2 All in one suits

The classic example of all in one suit is the body-covering Speedo swimwear 
intended for competition swimming introduced during Olympics.

The swimwear design fostered the concept of bio mimetics in sportswear 
designed later as the former closely mimicked the sharkskin as far as design orienta-
tion was concerned.

The success story of all-in-one swim suits paved the way for designing ath-
letic sportswear, speed skating and cross country skiing suits. Nike, a popular 
sportswear brand was trailblazer in designing an elaborate, paneled speed skating 
suits comprising of seven different fabric types for cyclists. The novel suit with 
patchwork was designed to enhance the cyclist’s performance, protection level and 
comfort in spite of the unfavorable ambient environment and excruciating condi-
tions which cyclists generally encounter. The high tech suits are the state of the 
art suits offering multiple functionalities such as elasticity, compression, thermal 
insulation, protection against external elements and aerodynamics. The patch work 
design unique to high-end cycling sportswear has been adopted in second skin and 
first layer garment design as well.

5.3 Designing smartly via incorporation of sensors and electronic components

Another design perspective in sportswear segment envisages the incorporation 
of smart features via sensors and other electronic components that are comparable 
to high tech trimmings. A microphone with its associated embroidered control but-
tons on a garment sleeve or collar renders graphic yet functional embellishment to 
the clothing. The elimination of wind and rain flaps by inclusion of water tight zip-
pers for medium level performance outerwear, switching to leaner and pared styles 
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of trims and notions like printed and embroidered labels and motifs, drawstrings, 
velcro, snap closures and mesh lining for pockets to offer storage and ventilation 
both are some approaches to enhance the functionality and esthetic appeal without 
adding any additional bulk to the sportswear.

The sportswear designers are thus fascinated by concept of stealth design that 
implies less detailing, fewer accessories yet not at tradeoff with functional and 
smart features.

5.4 Design approaches to render breathability and waterproofing to sportswear

Waterproofing and breathability becomes all the more crucial while design-
ing sportswear intended for outdoor sports where sports person is doomed to be 
exposed to humid, rainy conditions.

The technologies generally employed for development of waterproof breathable 
sportswear include:

• Development of high density fabric

• Application of polymeric coating

• Film lamination.

Development of High density fabric - The densely woven fabrics consisting of 
cotton or synthetic microfilament yarns with individual filament diameter of less 
than 10 micron and produced with high cover factor exhibit water proofing and 
breathability. The high cover factor of fabrics reduces the inter yarn spaces thereby 
preventing liquid penetration through fabric structure. The fabric on exposure to 
liquid causes cotton fibers to swell transversely reducing the pore size in the fabric 
structure. The dimensions of pore are smaller than water droplet thus effectively 
preventing water penetration however the pores allow the transmission of water 
vapor molecules (insensible perspiration) on account of smaller size of vapor mol-
ecules compared to water droplets thereby rendering breathability to the fabrics. 
The classic example of water proof breathable fabric is VENTILE, a high density 
oxford woven cotton fabric that effectively prevents the penetration of fluid but is 
permeable to passage of water vapor through the clothing.

Coated fabrics - Fabrics intended for sportswear can be imparted water proof-
ing and breathability by application of polymeric coating either on one or both 
fabric surfaces. Polyurethane is the most commonly used coating for imparting 
water proofing to textiles. Micro-porous and hydrophilic membranes can be used 
for development of coated textiles. The micro-porous membrane features a coating 
containing very fine inter connected channels of the dimensions smaller than the 
finest raindrop. However, the size of channels is larger than that of water vapor 
molecules enabling water vapor passage through the air-permeable channels. 
Although, the hydrophilic membrane exhibit similar structure as that of micro-
porous membrane, however, the mechanism of water vapor transmission in former 
is via adsorption-diffusion and de-sorption in contrast to passage of water vapor 
molecules through the air-permeable channels in the latter.

Lamination involves bonding a waterproof and breathable film to textile sub-
strate. Thin polymeric membranes of maximum thickness up to 10 micron when 
bonded with base fabrics offer water proofing and breathability to textile substrate. 
Micro-porous membrane of poly-tetra fluoro ethylene (PTFE), poly-vinyldene 
fluoride PVDF and hydrophilic membrane composed of poly ethylene oxide are 
utilized for development of laminated water proof textiles for sports applications.
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The ingress of water through seams in a water proof garment needs to be pre-
vented through seam sealing. Apart from waterproofing, the laminated garments 
should be lightweight, flexible and comfortable to wearer. Thus, thinner strips, 
elasticized tapes and improved glues are increasingly being used for designing 
bulk free laminated sportswear. The traditional three ply composite construction 
comprising of fabric, film and mesh lining have undergone major transformation 
by elimination of mesh linings and addition of silicone touch finish to films impart-
ing cleaner finishing and convenient doffing of the clothing. The overall freedom 
of wearer movement is thus ensured as a result of reduced friction within gar-
ment layers.

The sportswear designers prefer to do away with seams as they are a major 
source of friction, added fabric layers and bulk. Thus, designers prefer seamless 
knitting or heat sealing for reduction and elimination of seams to achieve a clean, 
compact performance wear.

The three layer sportswear are generally preferred for outdoor activities like 
hiking and cycling owing to their ability to provide protection against external 
elements (extreme cold or humidity) along with basic sportswear requirement of 
being lightweight, breathable and comfortable.

Each layer of a three layered assembly is designed to serve a specific func-
tion. The first, next to skin layer is designed with hydrophobic fibers to wick 
away sweat from skin to the outer layers, thereby rendering dry feel next to skin. 
Additionally, the innermost layer offers thermal protection to wearer in cold 
ambient conditions.

Second layer garments generally composed of fleece, assist in keeping the wearer 
warm and dry by drawing sweat from skin to the outer layer. The modifications 
in second layer are targeted to achieve high warmth to weight ratio without com-
promising the thermal insulation of clothing. However, the traditional three layer 
protective clothing assemblies are being rapidly replaced by advanced composite 
textile structures referred to as soft shell clothing designed by bonding multiple 
knits and fleece layers together.

The latter offers agility to wearer, protection against adverse environmental 
conditions with an additional advantage of being light weight and compact.

The second layer is further improvised to impart multiple functionalities such as 
warmth retention and insulation, water resistance, elasticity and wind protection. 
Therefore, sportswear has been witnessing a transition from complete water proof-
ing by hard shell to water resistance by soft shell.

There are three approaches to design soft shell with augmented thermal 
insulation and wind protection. The first approach involves the utilization of 
windproof shell as a separate clothing entity while the second involves bonding 
fleece to wind blocking membrane. The membrane laminated sportswear thus 
offer thermal insulation along with water proofing and breathability. A new range 
of laminates designed with wind defender type membranes namely Gore – Tex 
Windstopper, Symptex Windmaster underscore protection against wind over 
water proofing, are being specifically developed for windy climatic conditions 
(Figure 6).

Adequate warmth and wind protection can also be achieved by third approach 
wherein fleece is bonded to tightly woven fabric or knitted structure.

Moreover, the comfort level, warmth and protection to wearer can further be 
provided by four layer system comprising of four garments - first layer, fleece, soft 
shell and hard shell.

Soft shells comprising of fleece and treated with water repellant surface finish 
are ideal candidates for outdoor activities as they primarily focus on enhanced ther-
mal insulation, elasticity and abrasion resistance. The jackets have evolved radically 
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as far as design and style elements are concerned and are increasingly being 
designed devoid of multiple drawstrings, elasticized hems or double storm flaps 
thereby eliminating cumbersome and bulky garment features. A closer-fitting, 
bulk free silhouette for better mobility, warmth retention and comfort to wearer 
has thus become synonymous to performance outerwear. The designing of hard 
shell jacket is also not aloof of the close fitting approach and thus designers have 
been striving to design leaner, fitted hard shell attires taking design  inspirations 
from soft shells.

5.5 Design approaches for enhanced thermal insulation of sportswear

Other approaches for designing outdoor, winter sportswear are based on fun-
damental concept of exploiting the good insulation properties of still air layer and 
thus engineering textile structures with an ability to trap large volumes of still air. 
The entrapped air layer being good thermal insulator can provide enhanced ther-
mal insulation to clothing incorporating hollow fibers, three dimensional spacer 
fabrics and alveolar or nodular raised knit structures. Hollow fibers on account of 
their light weight and improved thermal regulation outshines conventional fibers 
and are considered ideal for all such applications where high thermal resistance is 
sought for.

Accordingly, knitted structures like pique, honeycomb or ribbed raised textures 
are generally used for designing sportswear intended for winters. The honeycomb 
knits in conjunction with raised fabric in next to skin layer offers effective thermal 
insulation and are suitable for cold weather clothing and sportswear. Likewise, the 
structure of fleece can be modified for enhanced warmth by trimming the piles 
and creation of three dimensional grid thereby increasing the air entrapment next 
to skin.

The high performance thermo regulation along with light weight and wearer 
comfort can be engineered into sports apparels and accessories via three dimen-
sional knit structures, spacer fabrics.

Figure 6. 
Water proof & breathable sports wear.
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5.6 Nature as source of inspiration for sportswear designers

Nature is a big source of inspiration for human beings and capturing nature’s 
beauty and functionality by biomimetic is a concept frequently explored in func-
tional clothing particularly sportswear and protective clothing.

Speedo, a sportswear manufacturing company developed one of its own kinds of 
Fast skin biomimetic swimsuit taking inspiration from shark skin (Figure 7). The 
denticles of shark’s skin were imitated on the fabric to impart super stretch property 
and thus the performance of swimmer donning the swimsuit could be considerably 
enhanced by shape retention, muscle compression and reduced drag coefficient.

Inotek® fabric based on “Pine cone effect” is quite popular among sportswear 
designers and manufacturers owing to exceptionally excellent thermal regulation 
and moisture management properties exhibited by the fabric. Pine cones comprises 
of two layers of stiff fibers that are oriented in different directions (Figure 7). The 
cones tend to close as the humidity increases to prevent moisture from getting in 
while they open up releasing their seeds and falling to the ground as a response to 
decreasing humidity. Likewise, the Pine Cone Effect based on reaction of plants to 
humidity is explored for designing fabrics that can respond to changing humidity 
conditions. The textiles based on biomimetic concept are composed of layer of thin 
wool spikes that open up on encountering increased humidity as a result of sweat-
ing by wearer. However, as the sweat evaporates and humidity drops down, the 
spikes on the fabric closes again in response to changing humidity.

The designers of long jump suit named SKYNFEEL exclusively designed for 
professional athletes might have been enticed by the salient characteristics of fauna 
to exhibit unhindered flights with their wings. The suit is designed with laterally 

Figure 7. 
Biomimetic principles for sportswear designing.



Textiles for Functional Applications

282

positioned flaps much like the wings of dragonfly. The dragon fly wing inspired 
flaps feature geometric lased cut panels that enhance the athlete’s elevation during 
jumping via closing and opening up as per athlete’s movement. The flaps remain 
closed during run-up however they open up as the wearer is preparing for jump. 
The opening of panels leads to creation of air pockets thereby resulting in aerody-
namic effect. Consequently, the jumper’s performance is enhanced due to his ability 
to suspend in air for longer duration and gaining distance while jumping.

Stomatex®, another smart fabric designed using the biomimetic principles finds 
application in compression athletic wear for enhanced performance and recovery. The 
salient feature of fabric is dome and pore mimicking the stomata (tiny pores) on the 
plant’s leaves responsible for respiration and gaseous exchange in plants (Figure 7). 
The phenomenon of opening of stomata in daylight and closure at night is attempted to 
be recreated by the way of opening and closing of pores present on domes embossed in 
the outer knitted layer of fabric. The sportswear utilizing aforesaid fabric is generally 
designed in close-fitting silhouette to be able to react to wearer’s bodily movements. 
During static conditions, the energy consumption by sports person is reduced and thus 
wearer comfort is ensured by release of excess heat and moisture rising into the domes 
and ultimately released via the pore. As the wearer is actively involved in some physical 
activity, the flexing and movement of domes (and pores) enables passage of cooler air 
into clothing and escape of heat and moisture to outer environment.

6. Innovative approaches for sportswear design and development

The sportswear industry is taken by storm by path breaking innovations as far as 
procurement of raw materials like high performance and specialty fibers, yarns and 
engineering of fabric structures like double layered, elastane and breathable fabrics 
are concerned. Furthermore, smart functionalities like antimicrobial, antistatic, 
anti-odor properties, monitoring sportsperson’s physiological parameters, incorpo-
ration of smart materials like phase change materials and shape memory polymers, 
wearable sensors, tracking performance record of sportsperson and incorporation 
of smart technologies like smart coatings, nano technology and wearable electronics 
are engineered into sportswear (Figures 8 and 9).

6.1 Innovative raw materials for sportswear

The fibers suitable for sportswear have already been discussed in the previous 
section. However, the innovations in sportswear cannot be conscripted without 
the mention of high performance fibers and their role in improving the moisture 
transmission properties of sportswear. The utilization of high performance fibers 
such as Coolmax®, Thermolite®, Thermocool® in performance and active wear 
results in increased surface area, better wicking and moisture management and in 
turn dry, cooler microclimate to wearer. Thermolite® is particularly suitable for 
cold weather sportswear due to fabric’s exceptionally high thermal insulation and 
moisture transmission properties. Winter sportswear comprising hollow core fibers 
possess the ability to trap higher volumes of static air and thus provide enhanced 
warmth and wearer comfort without any additional weight or bulk unlike conven-
tional fleece fabrics. The clothing is thus gaining popularity among sports persons 
indulging in outdoor, winter sports like ice skating, mountaineering etc.

Dryarn, an innovative sustainable fiber from Aquafil is recyclable polypropylene 
microfiber and a preferred choice for developing sportswear fabrics that are sus-
tainable, soft, anti-bacterial, light weight, quick drying, comfortable and exhibits 
high thermoregulatory capacity.
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Sportwool®, a two layered moisture management fabric featuring wool on the 
inner side and synthetic fiber on the outer side and Field sensor TM® with brushed 
inner side are other options for winter sportswear.

Field Sensor, high performance fabric from Toray is a multilayered structure 
suitable for varied sports applications. The excellent moisture management proper-
ties and wick ability for rapid liquid transmission from next to skin to outer layer 
can be attributed to the fabric’s specially engineered structure with distinct inner 
and outer layers composed of coarser denier yarn and fine denier hydrophobic 
polyester yarn in a mesh construction respectively.

Figure 8. 
Phase change materials & shape memory polymers for sportswear.

Figure 9. 
Nano technology for antimicrobial sportswear.
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Additionally, thermo regulating materials like phase change or latent heat 
storage materials capable of sensing varying ambient conditions and responding 
by changing their phase are increasingly finding application in sportswear where 
sportsperson is exposed to prolonged, drastic environmental conditions. Outlast 
technology is involved in development of microencapsulated PCM coated fabric 
intended for sportswear and other smart textile applications. The sportswear devel-
oped with PCM treated fabrics provides thermal balance and maintain constant 
body temperature to wearer by absorbing excess body heat at elevated temperatures 
due to metabolic heat production and releasing it as the temperature drops down 
during cooling.

The potential of shape memory polymers to obtain effective thermal and mois-
ture management properties was first explored in sailor suit designed for Swedish 
sailors. The suit based on membrane technology employed waterproof, windproof 
and breathable Diaplex membrane. The smart membrane can sense the changing 
ambient conditions and respond by changing its shape, memorizing the original 
shape and returning to the orginal, memorized shape accordingly. The membrane 
undergoes Micro-Brownian motion as it senses elevated temperature thereby 
creating micro-pores for heat and moisture transmission through the membrane 
(Figure 8).

6.2 Innovative wearable sensors and AI based technologies for sportswear

The concept of sportswear design and development has been drastically chang-
ing with sportsperson anticipating technological features in their attire apart from 
basic requirements of functionality and comfort. It thus becomes mandate for 
sportswear designers and manufacturers to conform to the expectations of their 
consumers and come up with technology laced sportswear that can serve best of 
both worlds by offering comfort, protection and other functional attributes along 
with serving as a personal trainer, activity tracker and can monitor physiological 
parameters of the sports persons (Figure 10). The new generation of sportswear 
exhibits such smart features which would be considered fantasy a decade ago. The 
myriad of innovations in sportswear as far as incorporation of smart features are 
concerned will be discussed in detail in this section of the chapter. Figure 10 show 
the technology laced smart sportswear for performance & health monitoring. An 
innovation in athletic wear is development of Skin® 400 compression athletic wear 
series. The athletic wear is composed of elastane warp knitted fabric that can foster 
oxygen delivery to athlete’s active muscles via dynamic gradient compression.

Smart sportswear like fitness pants feature built-in haptic vibrations and signal 
the wearer to be agile or hold position as per pulse generated at the stress prone 
zones like hips, knees and ankles. The smart pants can be synched to wearer’s phone 
via bluetooth and provides additional feedback through the companion app.

Ambiotex’s smart shirt intended for athletes is designed with integrated sen-
sors and clip-on box for recording athlete’s data pertaining to heart rate variability, 
threshold, fitness and stress levels.

Sabine Seymour’s smart bra is designed with an integrated invisible biometric 
sensors and can be effectively worn to track heart rate and workout routines during 
sporting, gyming activities.

Compression sleeve by Komodo technologies is beneficial for sportspersons and 
heart patients as the sleeve is capable of monitoring heart rate activity via electro-
cardiogram (ECG) technology. The sensors integrated in the sleeve can monitor 
wearer’s body temperature, sleeping patterns, workout intensity, air quality and 
UV rays.
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A smart shirt laced with blue tooth smart sensor can be paired with fitness apps 
like Map My Run, Run Keeper and Strava to capture the real time data and monitor 
physical activity and physiological parameters of sportspersons such as intensity 
and recovery; consumed calories fatigue level and sleep patterns.

Athos deals in range of training clothes intended for gym goers. The ensemble 
is designed with micro-EMG sensors that can detect muscle movement and in 
turn transfer the workout data such as sports person’s muscle effort, heart rate and 
breathing to a smartphone. The app serves as a personal trainer for fitness freaks by 
providing insights on correct exercise protocol and injury avoidance.

Hexo skin smart sportswear are designed with embedded textile sensors for 
monitoring cardiac, respiratory phenomenon, physical training, sleep patterns, and 
mundane activities of an individual involved in rigorous sports. The visualization, 
reporting and analysis of data becomes very convenient with Hexo skin as the smart 
clothing is equipped with an accelerometer to quantify body movements, track 
heart rate to be viewed in real time. Furthermore, it prevents the sports person 
from over training by determining lung capacity for each activities performed and 
measurement of stress and training fatigue.

Boltt, a sports tech-brand pioneer in design and development of consumer-
centric health and fitness clothing and smart shoes laced with stride sensors and 
activity tracker. The real-time audio feedback and customized workout suggestions 
generated by the brand’s advanced artificial intelligence (AI) ecosystem can provide 
customized health and fitness coaching to wearers.

An on demand inflatable- deflate able textile tubing network in a jacket devel-
oped by Sympatex can provide the extra warmth to wearer when inflated while the 
jacket can be deflated to release the air held inside the tubes into the environment as 
it senses an elevation in body temperature ow wearer’s activity level.

Figure 10. 
Technology laced smart sportswear for performance & health monitoring.
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A Cyberia survival suit intended for arctic environment serves as a personal 
GPS and monitors the wearer’s physical conditions. The suit derives its sensing and 
monitoring capabilities from an array of sensors and connecting electrodes embroi-
dered onto textile substrate.

Qardio Core, an ECG monitor is a hardware fitness tracker capable of providing 
continuous medical grade data by incorporated sensors in the tracker. The smart 
tracker is designed for people indulging in active lifestyles but with a family his-
tory of chronic diseases. The doctors can analyze the obtained data from sensors to 
monitor the health record and can act instantly in event of any abnormal data.

Wearable X, pioneer in bringing design and technology together, launched 
smart yoga wear incorporating haptic feedback. Posture monitoring and vibrational 
reaction by smart garment assists in guided yoga.

Vitali smart bra is another state-of-the-art smart sport wear designed for 
 fitness freak females. The bra is equipped with sensors to track heart and breathing 
rates. The stress levels of women can be monitored via data collected from  sensors 
thereby sending reminder to wearer to take deep breath on detection of high 
stress levels.

Exercise routine for elderly people can be managed by smart knitted cardigan 
designed by Dutch designer Pauline van Dongen. The ordinary looking cardigan is 
equipped with four stretch sensors comprising conductive yarns and can transmit 
the information to an app for generating feedback. The obtained feedback serves 
as a guide for physiotherapist to suggest the best exercising options as per age and 
physical stamina of the wearer.

7. Conclusions

Sportswear constitutes an integral part of technical textiles and encases great 
potential as far as technological and design innovations are concerned. The sports 
textiles have witnessed tremendous evolution and that too at a much faster pace 
compared to ready to wear segment. The sports clothing is no longer restricted 
to sportsperson involved in performance sports or strenuous physical activities. 
However, there has been a surge for sports apparels and accessories among health 
conscious, fitness freak and gym enthusiasts. Accordingly, the sportswear industry 
has witnessed revolutionary advancements in development of different sportswear 
categories like active wear, leisurewear and athleisure to fulfill the requirements 
of sportsperson as well as health-conscious millennials. The basic and functional 
requirements of comfort, breathability, light weight, anti-static and anti-odor 
properties can be engineered into sportswear by optimum selection of fibers, yarns, 
fabrics and garments’ designing aspects.

Sportswear has emerged as one of the most promising and technologically 
driven segments of technical textiles with massive innovations and advancements 
involved in design and development of sport specific attires.

The basic requirements of sportswear vary as per the sportsperson’s level of 
physical activity, the specific nature of sport and the ambient conditions to which 
the sportsperson is exposed. The technological and ergonomic aspects for design-
ing under water diving suit will be contrastingly different from those incorporated 
in designing clothing for a golfer. Thus, a lot of brain storming and research is 
involved in designing a clothing that meets the specific requirement of sports along 
with providing comfort, dexterity, agility to wearer, breathability, moisture man-
agement, light weight, antimicrobial and anti-odor properties. The correct selection 
of fibers, yarns and fabric variables for sportswear is of paramount importance to 
engineer the desired properties in the sport clothing.
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Apart from functional requirements, a lot of emphasis is being laid on esthetic 
aspects as well considering increasing number of females involved in yoga, gyming 
and other sporting activities who give precedence to silhouette, colors and other 
design details of sportswear. Accordingly, the technological as well as ergonomic 
advancements in sportswear design and development have opened new avenues for 
researchers to explore the field further.

8. Future scope in design and development of sportswear

The field is promising and innovative with several avenues as far as research and 
development, pioneering new technologies and trailblazing concepts are con-
cerned. Furthermore, the role of technology, bio mimics, fashion and mediation of 
interdisciplinary fields like wearable electronics, bio medical avenues have brought 
about a major transformation in design and development of smart sportswear 
thereby enhancing functionality and esthetics of sportswear. Apart from functional 
and esthetic appreciation of sportswear, the need of the hour is switching over to 
sustainable practices in sportswear supply chain. Consequently, the sportswear 
designers and manufacturers understanding their social and economic respon-
sibilities should commit to sustainable practices for design and development of 
sportswear.

It can thus be recapitulated that the future belongs to smart sportwear span-
ning from ethical, to technology laced wearable electronics to camouflage clothing 
to convertible, modular sports ensembles which not merely serves as clothing for 
wearer but can be multifunctional entities with an ability to be transformed into a 
travel bag or a sleeping bag as per the sportsperson’s convenience and requirements.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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