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Abstract— Nanotechnology is a multidisciplinary and 

comprehensive frontier field. Application of nanotechnology 

in sports clothing and flooring for enhanced sport activities, 

performance, efficiency and comfort has increased 

tremendously during the last decade. The nanomaterial have 

been widely used in the stadium, sports turf, track, sports, 

apparel, sports equipment and sports supplements. With the 

coming of the nano era, nanotechnology will have far-

reaching impact of human life. The desire for sport products 

with enhanced performance and efficiency has been known 

for many years and nanotechnology has opened new routes 

for the production of functional sportswear. An overview on 

the applications of nanofinishing in the making of different 

sportswear has been done exhaustively. Some of the 

important features imparted into sport apparels by 

nanofinishing are also thoroughly discussed.     
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I. INTRODUCTION 

In textile industry, finishing stage is where the specific 

properties are imparted into fabrics, changing their 

appearance and/or improving their resistance to water, 

chemicals, biological, physical, mechanical and general wear. 

Nano-finishing, offering huge potential in a wide range of end 

uses, has opened up new insights for various applications 

difficult to proceed through conventional finishing, a growing 

area of interest in nano-finishing is use of nanoparticles on 

textiles, providing fabrics with diverse practical performance 

depending on the properties of nanoparticles.  Over the years, 

research groups all around the world obtained variety of 

textile materials with multifunctional properties through 

incorporation of nanomaterials. 

In sport clothing market, use of nanotechnology in 

textile materials including nanofibers, nanocomposite fibers 

and nano-finished textiles imparts multi-properties providing 

their application. A wide range of sports apparel utilizing 

nanotechnology have been developed by several companies. 

A nano-based technology to produce clothing with optimal 

balance of comfort has been developed by a Swiss company 

called Scholler, with air permeability, wind and water 

resistance and self-cleaning property for extreme cold 

weather sports such as mountaineering and ski. It has also the 

benefit from rain- and snow-repellent feature [1]. JR 

Nanotech, a UK-based company, has developed socks in the 

trade name of ‘‘SoleFreshTM’’ which was treated with silver 

nanoparticles eliminating athlete’s foot odor. A Korean 

company, by name Hyosung has been producing Nano silver 

nylon fibers with application areas that include daily 

activities and sport, sportswear, sports bags and running 

shoes [2].  

In the anti-slip properties of footwear soles, 

Nanotechnology has provided a real breakthrough [3]. 

Breathable clothing regulating body temperature in extreme 

climates and increased wicking in sport clothing protecting 

mountaineer from the cold and rain, are some of the benefits 

of using nanotechnology in sportswear [4]. In this paper, 

some of the most important properties of nano-sport clothes 

and shoes are discussed exhaustively. 

II. MULTIFUNCTIONAL PROPERTIES 

Considering the severe conditions of several sports such as 

canoeing, skiing and mountaineering sportswear with 

multifunctional properties are always in demand, for instance, 

clothing with simultaneous protective properties against 

water, hot, cold, bacteria and unpleasant odors. Therefore, 

using nanotechnology in sportswear is beneficial in providing 

multifunctional sport clothing and shoes. Some of the main 

properties of sportswear incorporated with nanotechnology 

are briefly shown in Fig.1. The most common nanoparticles 

used in textile materials along with their main properties are 

summarized in Table 1. 

 
Fig. 1: Properties of sportswear and shoes incorporated with 

nanotechnology. 

S.No. Nanomaterials Properties 

1 

Metal oxide 

nanoparticles such 

as TiO2,  ZnO, 

CuO/Cu2O, 

Fe3O4/Fe2O3, Al2 

O3, ZrO2,Mn3O4, 

MnO, MgO, GO 

Photocatalytic, Self-

cleaning, 

Antibacterial, UV-

protection, 

Hydrophobic/hydrophilic 

properties 

2 

Metal nanoparticles 

such as 

Ag, Au, Pd, Pt, Cu 

and Ni 

Antibacterial, Antifungal, 

Conductivity 

3 
Carbon black 

nanoparticles 

Abrasion and chemical 

resistance, Electrical 

conductivity 
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4 Carbon nanotubes 
Electrical and thermal 

conductivity 

5 Clay nanoparticles 
Flame retardant, UV 

shielding 

Table 1. Common Nanomaterials used in textiles along with 

their main properties. 

A. Water-proof 

The development of sport clothing has come in to existence 

by water-proof breathable fabrics suitable for protection from 

wind, rain and loss of body heat. Water-proof fabrics prevent 

water from penetrating into the fibers but are breathable to 

allow water vapor to difuse through fibers. Woven fabric, 

microporous membrane, coating and smart breathable fabric 

are the different types of classifications of breathable fabrics. 

The first water-proof breathable fabric was prepared by 

densely woven fabric or polymeric and resin coating. 

However, the nanotechnology has brought newer 

opportunities to develop water-proof breathable fabric [5]. 

Nanosilicate coated water-proof polyester fabric has been 

made to be kept dry after 2 months’ immersion in water due 

to the decreased resistance between water and fabric, hence 

finds its application in swimsuits. Nano-membrane of TiO2 

and ZnO nanocomposites have been utlised in the making of 

Water-proof permeable antibacterial sport shoes called 

“LSMZTM" in which fluoronates and per fluoroalkyl substrate 

were used to obtain Lotus effect [superhydrophobicity] and 

water-vapor single-directed ability [6,7]. 

Ultra-thin membrane-like web with extremely fine 

fibers, high specific surface area, flexibility, light weight and 

desired porous structure can be produced by Electrospinning 

technique to impart barrier and comfort performance 

producing water-proof breathable apparel as sportswear [8]. 

Layered fabric systems, based on electrospun nanofifiber 

webs with varying composite structures, substrate fabrics, 

and different levels of nanofifiber web density have been 

prepared for outdoor sportswear and provide the wearer with 

high resistance to water penetration and high degree of 

moisture vapor and air permeability [8,9]. By depositing 

metal vapors such as Al on electrospun nanowebs [10], 

thermal comfort of the water-proof breathable layered fabric 

systems was improved.  

B. Antibacterial 

There is an increasing demand for antibacterial materials in 

many application areas including sport owing to the 

importance of public health awareness. Sweating during sport 

activities provides suitable environment for bacteria to grow 

and generate bad odor. Staphylococcus aureus is a common 

bacterium in athletic teams causing infectious diseases. Thus, 

antibacterial sport clothing can protect the athletes against 

microorganisms and unpleasant odors whilst preventing the 

fifibers from damage and rotting [11,12]. Textiles from 

chitosan fibers with moisture controlling, antibacterial and 

fungicide properties were used in sport clothes and socks 

[13]. 

Generally the antimicrobial effect is obtained during 

the finishing stage through the application of nanomaterials, 

or through the incorporation of nanopartilces into fifibers 

during spinning. Antibacterial sport apparels, sport shoes and 

insoles are widely prepared using silver nanoparticles 

although organic metals, quaternary ammonium compounds 

and organic silicones have been used for antibacterial 

finishing of textile materials. The use of Zinc oxide 

nanoparticles have also been reported for antibacterial 

sportswear [14]. Small particle size and high-specific surface 

area of silver nanoparticles provide efficient antibacterial 

effect. The main antibacterial mechanisms are damage to the 

lipids, proteins and DNA of microorganisms  [15-17].  

A disinfectant and antibacterial solution ‘‘silverclear 

’’ has been applied for making antibacterial sport clothing and 

shoes [6,7]. Hohenstein Institute, Germany, based on the 

research carried out in fast onset action against bacteria, is 

required for antibacterial sportswear, and the efficacy should 

be permanent during sport activity. The skin reactions in the 

form of allergy, irritation or negative influence on skin 

microflora should also be considered [18]. The environmental 

risks of silver-containing clothes, and the silver concentration 

was found as the critical factor to be kept at a minimum range 

to avoid the involved risks [19]. If the function of the applied 

silver is not maintained at the low level, it has been reported 

that silver clothes usage should be minimized [18]. 

Silver ions attach themselves to the cell wall and 

inhibit the cell respiration and cell reproduction. Silver can be 

incorporated during extrusion [19], during electrospinning 

[20], or can be applied as a coating of nanosized silver 

colloidal solution [21]. Ultra Fresh® developed by Thomson 

Research Associates are based on a coating of ultrafine silver 

particles and are mainly used for polyester fabrics. AgION® 

technologies developed antimicrobials with silver particles in 

a zeolite carrier, which works on the ion exchange 

mechanism. In moist conditions, silver ions are exchanged 

with sodium and Silphure ions of sweat and control the 

bacterial growth [22]. Polymer nanocomposites with 

nanosilver particles are reported to have excellent 

antimicrobial action against both gram-positive and gram-

negative bacteria. Hybrid [SiO2 /AG] coatings create good 

dispersion of silver nanoparticles in silica polymer matrix and 

have been found to have good antibacterial properties [23] 

TiO2/AG nanocomposite synthesized by sol-gel technique 

showed excellent antimicrobial activity against gram-

negative bacteria Escherichia coli [24]  

C. Ultraviolet protection 

UV-protection properties in sportswear with the application 

of nanoparticles has been developed because of the high risk 

of UV radiation–related skin lesion especially in outdoor 

sports. Semiconductors such as TiO2, ZnO, SiO2 and Al2O3, 

among the organic and inorganic UV-protective materials, 

have been receiving more attention due to their chemical 

stability, low cost, availability and non-toxicity. More than 

reflecting and/or scattering, the UV protection is mainly 

related to the potential of UV rays absorbance [25]. Through 

the uniform distribution of nanoparticles on fabric surface, 

the performance of UV-blocking agents can be efficiently 

increased [26]. With a very thin layer of functional zinc oxide 

polyurethane nanocomposite fibre web in a layered fabric 

system, UV-protection and antimicrobial properties were 

produced which is having potential application in outdoor 

sport clothing [14]. 

D. Insulation property  

The sportswear with insulation property against heat and cold 

are required especially for skiing, snowboarding, diving, 

mountaineering and cycling considering the relation between 
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human body heat, environmental conditions and physical 

activity. Thermo-regulated smart textiles [27-30], by 

incorporation of phase change materials [PCMs] in textiles is 

of considerable interest in the recent past. PCMs are generally 

classified into organic materials including paraffin such as 

alkyl hydrocarbons [nonadecane and octadecane] and non-

paraffin such as fatty-acids, alcohols and glycolic acids, and 

inorganic materials including hydrated inorganic salts [22]. 

The PCM nanocapsules with smaller particle size and higher 

heat transfer speed are more applicable than microcapsules. 

The materials used as shells for encapsulation of such PCMs 

are Melamine formaldehyde, urea formaldehyde, diacid 

silicone, polystyrene and polymethacrylate.  

PCMs have been encapsulated into microcapsules or 

nanocapsules, reducing the PCM reactivity toward the 

outside volume changes of storage material during the period 

of phase change. The PCM nanocapsules can be added into 

fiber spinning stage or coated on textile materials during 

finishing process using a binder such as polyurethane [31-35]. 

The PCM nanofifibers prepared by composite electrospinning 

and coaxial electrospinning are among the other methods of 

using PCMs in textiles [30]. The PCMs incorporated in 

sportswear can absorb the excessive body heat during sport 

activity and release the energy when necessary, decreasing 

thermal stress. The PCMs with specific temperature range 

that is less or more than body temperature are considered to 

be good for the application in sport products. The PCMs in 

sportswear absorb the heat immediately after temperature rise 

and release the energy when the temperature falls. Depending 

on the type and duration of physical activity, the required 

thermal insulation of clothing is imparted with the right 

amount of applied PCMs [27-30]. 

E. Comfort 

The comfort level of the wearer is affected by the moisture 

transport property of sportswear which is dependent on 

wicking and evaporation rate [37]. The evaporation is 

improved by faster wicking of moisture through fabric due to 

higher surface area that leaves the wearer dry and comfortable 

[38]. If the moisture transport properties the fabric is good, 

they transfer moisture from the wearer’s skin surface into the 

fabric surface, and release the moisture to the atmosphere. 

Sweat and moisture from the surface of the skin is transferred 

by these functional fabrics to the outer surface of the fabric 

that keeps the wearer’s body dry and comfortable and 

prevents clinging of polyester fabric to the wearer’s body 

[40]. The use of plasma technology which is an 

environmental friendly process is reported to give improved 

moisture management. To provide functional, intelligent and 

comfortable sportswear absorbing and immediately releasing 

sweat from the human body, functional sportswear with 

hydrophobic outer and hydrophilic inner sides have been 

developed [40]. These methods suffer from some drawbacks 

although fabric coating with hydrophilic/hydrophobic 

chemicals and weaving the inner and outer sides of the 

apparel with different hydrophobic/hydrophilic threads have 

been proposed for preparing functional sportswear, 

As an effective method providing high performance 

in controlling moisture and odor during sport activities, 

atmospheric pressure non-thermal plasma followed by graft 

polymerization has been introduced recently [41]. 

Nanocoating with electro-spraying on a light-weight 

multifunctional and monolayer fabric with 

hydrophobicity/hydrophilicity properties on opposite sides 

that was produced through plasma treatment, is reported to 

provide high-performance textiles with especial use in 

sportswear [42]. In comparison to the single-layer, dual-layer 

textiles have great potential to produce higher moisture 

transfer properties due to their components and structures that 

can be tailored independently [39]. The porous electrospun 

nanofibers can also be used to modify conventional textiles 

to boost the moisture transfer property developing advanced 

sportswear. Electrospun non-woven mats with thick layer of 

hydrophilic polyacrylonitrile nanofibers with a thin layer of 

hydrophobic polystyrene nanofibers coated with 

polydopamine is reported to have good moisture transfer 

potential [43]. 

F. Therapeutic effects  

Heavy sports, especially that involves high physical activities 

such as bodybuilding, arm-wrestling and power-lifting may 

cause fatigue, injury or over-working muscles, which can be 

recovered using functional sportswear with therapeutic 

effects. It has been proved by researchers that far-infrared 

waves have the potential to be deeply penetrate into 

biological materials, and provide positive effect in terms of 

enhanced blood circulation and metabolism [44,45]. Far-

infrared radiation effect on textile materials incorporated with 

germanium and ceramic powders such as alumina, titanium 

dioxide and silicon dioxide as nanostructures, in close contact 

with skin, can provide wide application areas including 

therapeutic treatment such as therapeutic knee bands, elbow 

bands and back-belts [46]. Far-infrared radiating materials 

absorb sunlight or heat from the human body, transform the 

energy into far-infrared rays within a specific wavelength 

range of approximately 6 to 14 mm and re-emit the energy to 

the human body [50], enhancing blood circulation and 

metabolism as well as promoting the recovery of fatigued 

muscles. Recently, PVA nanofibrous membranes containing 

germanium and SiO2 have been introduced with antibacterial 

and fast-healing effects for sport applications such as medical 

supports worn during physical activities [46]. 

G. Self-cleaning  

The production of sport clothing and mountaineering tents 

with self-cleaning property is considered to be one of the 

successful applications of nanotechnology in textile industry. 

Apart from engineering a superhydrophobic surface using the 

lotus effect, photocatalytic nanoparticles such as TiO2 and 

ZnO have been used to produce hydrophilic surfaces with 

self-cleaning activity [47,48], and the photocatalytic self-

cleaning fabrics could be applied for sportswear [49]. Due to 

the photo-excitation under light irradiation with energy 

greater than or equal to their band gap, through which an 

electron–hole pair is produced between the valence and 

conduction band by semiconductor nanoparticles results in 

photocatalytic activity. The photoinduced electrons could be 

further transferred to oxygen, generating superoxide, 

hydroperoxy [HO2
] and hydroxyl [OH] radicals. The holes 

or the produced hydroxyl radicals also have an oxidizing role 

in degrading stains, providing selfcleaning and anti-stain 

properties [50]. A German company by name Schoeller 

Textile AG has introduced "Nanosphere TM" to produce self-

cleaning fabrics for sport activities and mountaineering tents 

[1]. 
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III. CONCLUSION 

Multifunctional properties such as protective properties 

against water, hot,cold, bacteria and unpleasant odors can be 

icorporated in sportswear by Nanofinishing, and they are 

light-weight and flexible with high-impact strength. The wear 

comfort of sportswear is also positively affected by 

nanotechnology, enhancing the wearer’s performance and 

efficiency. The athletes withstand high activity levels for a 

longer period of time due to the breathability of nano-

sportswear, Sportswear has emerged as a fast-growing textile 

sector with innovative materials and the latest technologies. 

Sportswear is a niche market, where price is not usually a 

considerable factor, because the strong emphasis is on 

performance enhancement. In highly competitive sports, 

when the human body reaches its upper limit of endurance, 

technology can play its part to provide that special winning 

edge. With special functionality and smart technologies, 

sportswear is considered as power skin instead of second 

skin. It may reduce the muscle fatigue and improve the 

physical endurance while maintaining the athlete’s well-

being in the toughest climatic conditions. 

REFERENCES 

[1] Sawhney, A.P.S., Condon, B., Singh, K.V., et al., (2008). 

Modern applications of nanotechnology in textiles. 

Textile Research Journal, 78(8),  pp731-739. 

[2] Mohapatra, H.S., Chatterjee, A., Maity, S. (2013). 

Nanotechnology in fibers and textiles. International 

Journal of Recent Technology and Engineering, 2(5),  

pp132–138. 

[3] Baydal-Bertome, J.M., Puigcerver, S.A., Gonzalez, J.C., 

et al. (2015). Nanotechnology can provide a real 

breakthrough in the anti-slip properties of safety footwear 

soles. Footwear Science. 7(1), S58-S60. 

[4] Miah, A. (2006). Rethinking enhancement in sport. 

Annals of the New York Academy of Sciences. 1093: 

Dec. 301–320. 

[5] Mukhopadhyay, A., Midha, V.K., (2008). A review on 

designing the waterproof breathable fabrics part I: 

fundamental principles and designing aspects of 

breathable fabrics. Journal of Industrial Textiles, 37(3),  

pp 225–262. 

[6] Yoon, B., Lee, S. (2011). Designing waterproof 

breathable materials based on electrospun nanofibers and 

assessing the performance characteristics. Fibers and 

Polymers, 12(1),  pp57-64. 

[7] Lee, S., and Obendorf, S.K. (2007). Transport properties 

of layered fabric systems based on electrospun nanofibers. 

Fibers and Polymers, 8(5),  pp501-506. 

[8] Chunyan, L., Xingliang, L., Sijin, M., et al. (2011). Study 

on application and biosafety of nanomaterials in sports 

engineering. In: International conference on future 

computer science and education, Xian,China, 20–21 Aug. 

2011, 131-134. 

[9] Song, Z.Q., Cai, Y.T. (2012). Application of nano-

materials in sports engineering. Advanced Material 

Research, 6(02), 281-284. 

[10] Kim, K.S., Park, C.H. (2013). Thermal comfort and 

waterproof-breathable performance of aluminum-coated 

polyurethane nanowebs. Textile Research Journal, 

83(17),  pp1808-1820. 

[11] Iqbal, S.A., Kasgar, A.K., Zaafarany, I. (2012). The era of 

nanotechnology applications. Ultra Engineer, 18(1), 

pp69-82. 

[12] Prasad, A.K. (2007) Novel effects in garment processing 

and value added finishes. Journal of Textile Association, 

68(1), pp39-42. 

[13] Heine, E., Knops, H.G., Schaefer, K., et al. (2007). 

Antimicrobial functionalisation of textile materials. In: 

Duquesne S, Magniez C, Camino G (eds) Multifunctional 

barriers for flexible structure. Berlin, Heidelberg: 

Springer, pp23–38. 

[14] Lee, S. (2009). Multifunctionality of layered fabric 

systems based on electrospun polyurethane/ zinc oxide 

nanocomposite fibers. Journal of Applied Polymer 

Science, 114(6),  pp3652–3658. 

[15] Gerhardts, A. Antimicrobial textiles in sports activities: 

application, assessment and safety 

aspects,http://www.performancedays.eu/ [accessed 1 

January 2015]. 

[16] Skoglund, S., Lowe, T.A., Hedberg, J., et al. (2013). 

Effect of laundry surfactants on surface charge and 

colloidal stability of silver nanoparticles. Langmuir, 

29(28), 8882–8891. 

[17] Goetz, N., Lorenz, C., Windler, L., et al. (2013). 

Migration of Ag- and TiO2-Nanoparticles from textiles 

into artificial sweat under physical stress: experiments 

and exposure modeling. Environmental Science and 

Technology,  47(17),  pp9979-9987. 

[18] Arvidsson, R., Molander, S., Sandena, B.A. (2014). 

Assessing the environmental risks of silver from clothes 

in an urban area. Human and Ecological Risk Assessment: 

An International Journal, 20(4),  pp1008-1020. 

[19] Yeo, S.Y., Lee, H., Jeong, S.H. (2003). Preparation of 

nanocomposite fibers for permanent antibacterial effect. 

Journal of Materials Science, 38(10),  pp2143-2147. 

[20] Son, W.K., Youk, J.H., Park, W.H. (2006). Antimicrobial 

cellulose acetate nanofibers containing silver 

nanoparticles. Carbohydrate Polymers , , 65(4),   pp430-

434. 

[21] Williams, J.F., HaloSource, V., Cho, U. (2005). 

Antimicrobial functions for synthetic fibers: recent 

developments. AATCC Review, 5(4), 17-21. 

[22] Bio Shield Tech, n.d. The AgION®Technology Behind 

the Performance [Online]. http://www. 

bioshieldtech.com/tech.html [accessed 2015]. 

[23] Marek, J., Leszkiewicz, A., Stefen, B., Polskoviska, G.B. 

In: 5th International Conference on Sol-Gel Materials. 

Trzebieszowice, Poland ., 2009 

[24] Amin, S.A., Pazouki, M., Hosseinnia, A.(2009) Synthesis 

of TiO2/ Ag nanocomposite with Sol-gel method and 

investigation of its antibacterial activity against E. coli. 

Powder, Technology, 196(3),  pp241-245. 

[25] Yang, H., Zhu, S., Pan, N. (2004). Studying the 

mechanisms of titanium dioxide as ultraviolet- blocking 

additive for films and fabrics by an improved scheme. 

Journal of Applied Polymer Science, 92(5), pp3201-3210. 

[26] Kathirvelu, S., Dsouza, L., Dhurai, B., (2009). UV 

protection finishing of textiles using ZnO nanoparticles. 

Indian Journal of Fiber and Textile Research, 34(3),  

pp267–273. 



Nanofinishing of Textiles for Sportswear 

 (IJSRD/Vol. 5/Issue 07/2017/009) 

 

 All rights reserved by www.ijsrd.com 36 

[27] Ye, D.M. (2014). Research on PCM textiles with material 

properties in sportswear application. Advanced Material 

Research, 910(3),  pp450–454. 

[28] Fung, W. Coated and laminated textiles in sportswear. In: 

Shishoo R [ed.] Textiles in sports. Wood Head Publishing 

in Textiles, 2005, England,  pp134-174. 

[29] Celcar, D. (2013). Influence of phase-change materials on 

thermo-physiological comfort in warm environment. 

Journal of Textiles, Hindawi Publishing Corporation, 

2013 (Article ID. 757319), 1-9. 

[30] Lin, S. (2012).  Phase change materials’ application in 

clothing design. Transaction of the Material Research 

Society of Japan; 37(20),  pp103-106. 

[31] Mondal, S. (2008). Phase change materials for smart 

textiles: an overview. Applied Thermal Engineering, 

28(11-12), pp1536-1550. 

[32] Ryu, W., Park, S.P., Lee, S.M., et al. (2013). Synthesis 

and properties of phase change materialpolypyrrole core-

shell nanocapsules via Fe3-oxidative miniemulsion 

polymerization. Macromolcular Research, 21(3), pp298–

301. 

[33] Karthikeyan, M., Ramachandran, T., Sundaram, O.S., 

(2013). Nanoencapsulated phase change materials based 

on polyethylene glycol for creating thermoregulating 

cotton. Journal of Industrial Textiles; 44(1), pp1–17. 

[34] Harlan, S.L. A New concept in temperature-adaptable 

fabrics containing polyethylene glycols for skiing and 

skiing-like activities. In: Vigo TL, Turbak AF [eds] High-

tech fibrous materials composites, biomedical materials, 

protective clothing, and geotextiles. Washington DC: 

ACS Symposium Series; American Chemical Society, 

1991, pp248-259. 

[35] Makinen, M. (2006) Introduction to phase change 

materials. In: Mattila H [ed.] Intelligent textiles & 

clothing, a part of our intelligent ambience. England: 

Wood Head Publishing Limited, England, pp 21-33. 

[36] Cai, Y. (2012). Effects of nano-SiO2 on morphology, 

thermal energy storage, thermal stability, and combustion 

properties of electrospun lauric acid/PET ultrafine 

composite fibers as form-stable phase change materials. 

Appllied Energy, 88(6), pp2106-2112. 

[37] Troynikov, O., Wardiningsih, W. (2011). Moisture 

management properties of wool/ polyester and 

wool/bamboo knitted fabrics for the sportswear base 

layer. Textile Research Journal, 81(6 ), pp621-631. 

[38] [38] Senthilkumar, M., Sampath, M.B., Ramachandran, 

T. (2013). Moisture management in an active sportswear: 

techniques and evaluation-a review article. Journal of 

Institution of Engineers India Series E, 93(2), pp61-68. 

[39] Manshahia, M., Das, A. (2014). High active sportswear - 

a critical review. Indian Journal of Fiber and Textile 

Research,39(4), pp441-449. 

[40] Karaca, B., Demir, A., Ozdo, E., et al. (2010). 

Environmentally benign alternatives: plasma and 

enzymes to improve moisture management properties of 

knitted PET fabrics,  Fibers and Polymers, 11(7), pp1003-

1009. 

[41] Okubo, M., Saeki, N., Yamamoto, T. (2008). 

Development of functional sportswear for controlling 

moisture and odor prepared by atmospheric pressure 

nonthermal plasma graft polymerization induced by RF 

glow discharge. Journal of Electrostatics, 66(7-8), pp381-

387 

[42] Pliakas, A. Application of nanotechnology for 

multifunctional sportswear fabrics. PhD Thesis, 

University of Leeds, UK, 2011. 

[43] Dong, Y., Kong, J., Phua, SL., et al. (2014). Tailoring 

surface hydrophilicity of porous electrospun nanofibers to 

enhance capillary and push-pull effects for moisture 

wicking. ACS Appllied Materials and Interfaces, 6(16), 

pp14087–14095. 

[44] Toyokawa, H., Matsui, Y., Uhara, J., et al. (2003). 

Promotive effects of far-infrared ray on fullthickness skin 

wound healing in rats. Experimental Biology and 

Medicine, 228(6), pp724-729. 

[45] Yu, S.Y., Chiu, J.H., Yang, S.D., et al. (2006). Biological 

effect of far-infrared therapy on increasing skin 

microcirculation in rats.  Photodermatology 

Photoimmunology Photomedicine, 22(2), pp78-86. 

[46] Chung, J., Lee, S. (2014). Development of nanofibrous 

membranes with Far-Infrared radiation and their 

antimicrobial properties. Fiberers and Polymers, 15(6), 

pp1153-1159. 

[47] Forbes, P. Self-cleaning materials, Scientific American 

INC, http://www.scientificamerican.com/article/self-

cleaning - materials/ [2008, accessed 1 January 2015]. 

[48] Yu, M., Wang, Z., Liu, H., et al. (2013). Laundering 

durability of photo-catalyzed self-cleaning cotton fabric 

with TiO2 nanoparticles covalently immobilized. ACS 

Applied Matererial Interfaces,  5(9), pp3697-3703. 

[49] Veronovski, N., Rudolf, A., Smole, M.S., et al. (2009). 

Self-cleaning and handle properties of TiO2 modified 

textiles. Fibers and Polymers; 10(4), pp551-556. 

[50] Liu, K., Cao, M., Fujishima, A., et al. (2014). Bio-inspired 

titanium dioxide materials with special wettability and 

their applications. Chemical Reviews, 114(19), pp10044-

10094. 


