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ABSTRACT 

Textiles with multiple functional properties are the future of the global textile 

and apparel industry offering new challenges as well as opportunities. A major 

application of these textiles will be in the field of functional clothing where the 

consumer is demanding more and more comfort, easy care, health and hygiene 

while at the same time expecting protection against mechanical, thermal, 

chemical and biological attacks. Along with the new functionalities, other 

desirable properties of finishes include the appearance, feel and durability to 

laundering. Such complex expectations can only be met by developing new, 

advanced and innovative technologies for finishing of textile products.  

To match the requirements of functional fabrics, in this thesis, a systematic 

study has been carried out to establish active interfaces by grafting polymer 

brushes on fabrics.  These active interfaces are response to moisture, 

temperature, catalyst, and play as a platform to nanostructures deposition, and 

several functional fabrics are developed based on the active interface. The 

knowledge gaps identified in the introduction and literature review have been 

filled by carrying out the objectives which are summarized below.  

Firstly, to fill the research gap 1, activated single molecular layer which can 

both bond fibre with strong adhesion and process reactive chemical groups for 

further functional polymer brushes growth is developed. Trichlorosilane 

functionalized initiator for fabric substrates is designed and synthesized. It is 

proved that polymer brushes could be prepared by combining this designed 

initiator and the controlled living polymerization on the fabrics’ surface, 



III	  
	  

meanwhile commercial 2-bromoisobutyryl bromide is studied as a reference. 

The influence on two kinds of initiators for controlled growth of polymer 

brushes on cotton fabrics is investigated and the designed trichlorosilane 

functionalized initiator showed some advantage with the commercial 

2-bromoisobutyryl bromide. 

To fill research gap 2, based on the activated single molecular layer on fibres, 

responsive polymer brushes are grown directly by the surface-initiated atom 

transfer radical polymerization (SI-ATRP), to construct a series of active 

interface on fibres. Poly(N-isopropylacrylamide) brushes which can built up 

thermal-responsive interface with water is selected since its low critical solution 

temperature (LCST, 31~35 °C) is similar to the body temperature. The grafted 

polymer brushes which can responsively and reversibly control the wettability 

and hygroscopicity of cotton, meanwhile the smart interface can switch from 

high water absorptive state below its LCST to low absorptive state above 

its LCST. Smart systems with properties of moisture management and 

thermoregulation are investigated systematically on human body.  

To fill research gap 3, a typical polyelectrolyte, poly-2-(methacryloyloxy) 

ethyl-trimethylammonium chloride (PMETAC) brushes are introduced onto the 

fibre, to form active polymeric interface which can catch catalyst moleculars 

from solution and fabricate nanoparticles-polymer brushes. The strong adhesion 

force between resultant metal composites and fibres leading to excellent 

mechanical and electrical stability under extensive rubbing, bending, stretching, 

and washing; and the conductivity can remain stable in air with proper choice of 

metal.  
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To exploit applicability of this type of polyelectrolyte brushes bridged metal 

nanoparticles deposition on non-natural synthetic fabrics, plasma assistant 

grafting polymer brushes was developed. Then PMETAC brushes were grown 

from the active PET surface by surface initiated ATRP, which act as a platform 

for ELD of copper particles depositing to form polymer-bridges copper-PET 

hierarchical structures subsequently. This in-situ depositing approach ensures 

that the copper nanoparticles could distribute uniformly and continuously on the 

surface of PET fabric structure. As the site selection of polymer brushes, a new 

printing strategy that allows for the simple fabrication of high-performance 

flexible, foldable, and stretchable metal conductors on a wide variety of 

substrates at room temperature is developed. It is compatible with many printing 

methods by simply tuning the amount of delivering matrix polymer for specific 

ink requirement, so as to fabricate features with sizes ranging from 

sub-micrometer, to micrometer, centimeter, and even meter scales. Therefore, 

MACP is suitable for experimental prototyping (e.g., using inkjet printing and 

DPN), as well as high-throughput fabrication (e.g., screen printing). Therefore, it 

shows remarkable application potentials for plastic electronics, smart textiles, 

electronic skins, and biomedical implants and devices. 

To fill the research gap 4, composite of metal oxide nanoparticles and polymer 

brushes are integrated by active polymer brushes through interfacial connection. 

UV functional metal oxide materials, ZnO nanorods, have been electrolessly 

deposited on cotton fabrics successfully, meanwhile polyelectrolyte brushes play 

as supported catalyst capture interface. Surface morphological observation 

reveals that the process leads to the deposition of hexagonal prism crystallites, a 
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characteristic morphology for the ZnO materials. The optical-UV spectroscopy 

studies indication those ZnO nanorods deposited on fabrics surface show active 

defense and shelter against UV radiation. The strong adhesion force between 

composite of ZnO-polymer brushes and fibres offers excellent wash fastness.  

To fill the research gap 5, fabrics with micro-nano-polymer brushes are 

developed. Antifouling polymer brushes are grafting on fabrics with 

multi-brushes structure. Settlement assays with microalgae/zoospores indicated 

that the multi-scale polymer brushes could successfully repel the settlement of 

microalgae/zoospores. In future, the testing in both static and dynamic 

sea water, especially in dynamic sea water will be carried on. Additionally, 

antibacterial properties of functional fabrics with nano-copper coating which 

are mentioned in Chapter 4 are also investigated as extension. It shows an 

important expanded application of copper nanoparticles-polymer brushes 

composite.   

By grafting polymer brushes on fibre, a novel system with active interfaces is 

constructed and shows responses under external stimuli, including temperature, 

moisture, chemical solution, and plays as platforms to interact with water, 

metal nanoparticles, pH values, giving smart, intelligent and interactive textiles. 

The novel strategy of constructing active interface can be employed to impart 

more functional properties on various fabrics in future. The active interfacial 

science of fibre established in this thesis bases on assimilation of different 

sciences and knowledges such as surface chemistry, organic synthesis, polymer 

science, nanotechnology, lithography, and biology. 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

1. 1 Introduction 

1.1.1 Product requirement for functional textile 

In recent decade, the tendency to performance textile products has sharply 

increased the research and industry concentration. Internationally, the textile 

marketplace is now worth more than $400 billion, which is rising each year. 

Hong Kong is the earth's second greatest clothing and apparel exporter zone 

following Mainland China. By the fulfilling obligations of Closer Economic 

Partnership Arrangement (http://Cepa.tdctrade.com) and exclusion of the quota 

system under the World Trade Organization Agreement, Hong Kong local 

industries have the command to develop further high performance value added 

products to sustain and to promote and increase their competitiveness in the 

worldwide market. 

Functional finishing is a significant constituent of high performance textile 

processing with additional value. Contradictory to the moderate growth of 

conservative textiles, functional high-grade textiles demonstrate 

over-proportional marketplace growing. By recognizing the demand of 

multi-functional properties of textile products in people’s everyday life, as well 

as the requirements from costumers in various areas, the scientist and 

technologist should develop novel textiles products that can meet the 

requirement from all sectors of society. The study of clothing function targets on 

the relativity and regularity of human body, clothing, and external environment, 
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which is a branch of ergonomics. In these three factors, external environment is 

variable, and clothing is constant. Based on changes in outer environments, 

functional clothing should protect the human body in an inner environment, 

which is stable and secure. 

 

Figure 1.1 Illustration of functional textiles. 

Several important factors from external environment exist, which can affect the 

human body, including temperature (cold or hot), moisture (dry to wet), wind, 

and microorganism. In Chinese traditional medical theory, six elements, namely, 

wind, cold, heat, wet, dry, and hot, can affect the human body and can cause 

human to be in pathological situation. In the modern science and medical 

profession, climate is thought to play a significant role in people's health. 

Alterations in climate affect the average weather conditions that we are 
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accustomed to. Higher temperatures could increase the concentrations of 

unhealthy air and water pollutants and increase amount of heat-related illnesses 

and deaths. As a basic facility, clothing is the most effective environment 

regulatory methodology that allows human body to survive environmental 

changes.  

In modern life, the outer environment changes frequently compared with the 

ancient times. Therefore, keeping the human body in a proper steady state 

according to outer-environment changes is crucial. Besides the fundamental 

protective function, comfort, aesthetics, antibacterial, and other sophisticated 

functional performance can be obtained from the development of novel and 

intelligent textiles with unparalleled functional properties. As summarized in 

reference(Gowri et al., 2010; Lewin, 1984), some principal functions of 

contemporary clothing are listed as follows: 

• Protective clothing 

• Comfortable clothing  

• Smart clothing and wearable electronics 

• Aesthetic clothing 

1.1.2 Relationship of interfacial science and functional textiles 

The prominence of multifunctional textiles is intently related with each modern 

technical revolution in the history. The responsibility of multi-functional textiles 

seems to offer the textile and apparel industry novel challenges and profits for 
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the prospect. Functional textiles can considerably progress applications and 

prolong their scope of utilization. Functional garments should meet customer 

demands in terms of comfort, easy care, health, and hygiene while safeguarding 

protection against several attacks from mechanical, thermal, chemical, and 

biological elements. Furthermore, functional coats empower significant 

enhancements in performance and durability of the technical-based textiles, 

which are used in automotive, manufacture, railway and aviation engineering, 

and for home-based textiles. 

The main objectives for textile functionalization in the review paper and some 

patents are summarized as the following (Lee, Trofin, Rae, & Blakely, 2007; 

Spradlin, Lye, Reed, & Hudson, 2006): 

1. To improve stability against mechanical, chemical, photochemical, or thermal 

destruction; 

2. To improve repellency properties against water, oil, and soil. Hydrophilic 

surface and hydrophobic surfaces of textile, which are fabricated by 

nanostructure and nanoparticles and polymer composites, have been widely 

reported; 

3. To change light absorption and emission properties from the UV up to the IR 

region; 

4. To improve electric conductivity, such as for antistatic and electromagnetic 

protective effects; and 
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5. To immobilize and control the release of active species, such as those with 

biocidal, therapeutic, and well-being effects. 

When these goals meet with interface science, some interesting interfacial 

systems are concerned, which include the following: 

• Interfacial systems between textile and water 

• Interfacial systems between textile and oil 

• Interfacial systems between textile and light 

• Interfacial systems between textile and chemicals 

• Interfacial systems between textile and microorganisms 

Item 4 is the goal to improve electric conductivity. The expansion of conductive 

fabrics is for numerous requirements in wearable electronics as electronic 

conductor. From the published papers and patents, most of conductive fabrics 

are achieved by directly coating conductive materials, as well as metals, carbon 

materials, such as carbon nanotube and grapheme, and conducting polymers, 

such as prototype for wearable electronics. However, neither the mechanical 

durability nor washing speed of the conductive fabrics is most important issue to 

be discussed. However, the coating layers could be easily flaked off from the 

fibre surface through the directly coating, sputtering or inking with metal 

film/particles methodologies. Up to the present time, the effective modification 
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of the fabric surface with convenient procedure， controllable electronic 

conductivity and high toughness remains a significant challenge in the industry. 

How to enhance the interface force between the conductive matters and fabrics 

is the main research gap.  

Thus, interfacial systems between textile and air, water, light, or some solid 

matters play an important role in the functional fabric research (Figure 1.2). 

Stretching novel functional properties to the textile and fabrics can be attributed 

to the establishment of a novel interfacial system of the textile.  

 

Figure 1.2 Summarized interfacial systems between textile and environment 
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1.1.3 Active interface and responsive polymer brushes 

Polymer brushes are formed when assemblies of macromolecules tied at one 

side to substrate and the other side is free to overlap and stretch away from the 

substrates, hence providing an exemplary smart interface of materials. The 

surface grafting polymer brushes can respond to the external stimuli from 

environment by a transformation in the polymer chain conformations. 

Alterable converting by external stimuli from environment in polymer brushes 

has presented exciting methodology for the construction of active interfaces on 

substrate. The responsive interfaces between polymer brushes and 

air/water/oil/nanoparticles have played progressively significant parts in various 

applications, such as drug delivery, tissue engineering, material fabrication of 

tunable shape and surface properties, and ‘smart’ systems, such as bio-sensors, 

micro electro-mechanical systems, and functional coatings. These particular 

smart interfaces fabricated by polymer brushes can match the demand of 

functional fabrics satisfactory, which is mentioned above. 

 

Figure 1.3 Smart interface constructed by polymer brushes. 
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1.1.4 Research goal 

Based on the introduction above, in this thesis, active interface on fibres by 

grafting polymer brushes will be introduced and the responsive connection with 

water, metal nanoparticles, and metal oxide nanoparticles to develop novel 

functional fabrics will be investigated. The specific character of the response by 

different external factors can be designed by polymeric molecular design. 

Several stimuli-responsive interfaces will be manufactured, and these interfaces 

will lead to various functional fabrics. By grafting polymer brushes, a novel 

systemic strategy for functionalizing fabrics will be established in this thesis. 

1.2. Literature Review 

1.2.1 Active interface constructed by responsive polymer brushes 

Mechanism of active interface of polymer brushes is the diversification of 

polymer microscopic properties(Husseman et al., 1999). As an example, 

polymer brushes with different functional units have different conformation and 

microscopic structures manipulated by the environment. The polymer brush can 

reorganize their conformation from “wheat state” to “mushroom state” to adjust 

to the external environmental stimulus, such as good/bad solution system or in 

response to stimulation (pH, temperature).(Barbey et al., 2009) These termed 

“smart materials” are significant in polymer science and surface technology 

because of their wide range of application. For example, polymer brushes have 

been widely used in numerous fields, such as environmentally responsive 

polymers, controllable wetting, anti-fouling, biosensor, protein, bacteria and cell 

controllable adhesion, micro-nanofabrication, lithography, microfluidics, 
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molecular recognition, and optics . 

 

Figure 1.4 Mushroom-to-brush transition of the polymer brushes. 

 

Figure 1.5 Synthetic strategies of polymer brushes. 

  
The “grafting to” approach by chemisorption between the end-functionalized 

polymer chains and the surface-immobilized complimentary groups (B) 

The “grafting from” approach by SIP from initiator modified surfaces. The 

conformation, structure, and properties of stimuli-responsive polymer brushes 

have been exploited for their dual response to solvent, temperature, pH, and ions. 

These responsive properties of polymer brushes provide the principle and 

methodology for the development of “smart” interface. 
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1.2.1.1 Thermo-responsive polymer brushes 

Thermo-responsive polymer brushes show LCST behavior in form of 

homopolymer, random copolymer, and block copolymer brushes. When the 

temperature is below LCST, these polymer brushes show hydrophilic properties, 

whereas rising the temperature higher than the LCST leads to the collapse state 

of polymer brushes, in which the interfacial properties change to hydrophobic. 

Thermoresponsive polymer brushes have been used widely in 

chromatography, controlled cell adhesion, antifouling, drug controllable release, 

transport, and catalysis.  

 

Figure 1.6 Temperature-responsive interface fabricated by PNIPAM. 

PNIPAM is one of the most studied thermo-responsive polymers,  

As one of the most studied thermo-responsive systems, surface tethered 

PNIPAM brushes have attracted much attention in the recent years. There is a 

sharp LCST of PNIPAM at 32 °C, and the interface can transfer from 

hydrophobic to hydrophilic reversibly. 

PNIPAM has been successfully grafted onto the surface of fabrics, including 

cotton, nylon, polyester, and polystyrene(AGRAWAL & JASSAL, 2011; 

Crespy & Rossi, 2007; Song, 2011). Most of the research work focused on the 

successful fixing but limited research works on the smart performance of using 
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textile. Yang’s work deeply investigated the structure and dynamics of 

thermo-responsive PNIPAM grafted on a cotton fabric, and this functional 

material shows excellent performance in water collection(Hengrui Yang, 

Esteves, Zhu, Wang, & Xin, 2012). Hidenori Okuzaki used PNIPAM to 

fabricate non-woven fibre and obtained the moisture sorption isotherms of 

electrospun nanofibres at below (15–25 °C) and above (35–45 °C) the 

LCST(Okuzaki, Kobayashi, & Yan, 2009). 

1.2.1.2 pH-sensitive polymer brushes 

The pH-sensitive polymer brushes respond through changes in pH. Two 

prototypical polyelectrolyte brushes are as follows: polyacid brush, such as Poly 

Acrylic Acid (PAA) polymer brushes, and polybase brush, such as PDMAEMA, 

which are investigated in-depth in the literature.  

In PAA, brush thickness decreases with increased pH at pH>8. It indicates that 

PAA polymer brushes show strong polyelectrolyte whereas at pH 10,but show 

weak polyelectrolyte when the pH changed to 4~5.8. Instead, the pH responses 

of poly-base brushes show opposite compared with poly-acid brushes. The wet 

thickness of poly-base brushes decreases with increased pH owing to 

deprotonation of the charged side groups. The pH-induced conformational 

alterations of pH responsive polymer brushes have been studied in various fields, 

and through the change of pH value the smart interface can be constructed on 

different substrates.  

1.2.1.3 Ion-sensitive polymer brushes 

Polyelectrolyte brushes are kinds of polymer brushes whose structure composed 
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of electric repeating components. These charged repeating units in 

polyelectrolyte brushes can response to different ionic concentrations. 

Abundance theoretical considerations and experimental studies predicted the 

different states between strong and weak polyelectrolyte brushes. Huck and 

co-workers have widely investigated the impact of the counter ion on the both 

structure and properties of PMETAC brushes. The characteristics of the 

quaternary ammonium groups brush were found to be extremely sensitive to the 

nature of the counter ion. The wettability of the counter ion-modified brushes 

increased from ClO4
− > SCN− > I− >Br− >Cl− > PO4

3− by exchanging chloride 

counter ion with various other counter ions, which then correlates with the 

Hofmeister classification of the hydrophobicity of these anions.  
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Figure 1.7 Responsive interface of substrate grafted different stimulating 

responsive polymer brushes. 

Research Gap 

The polymer brushes were grafted on various substrates and show some specific 

surface responsive properties. The grafting polymer brushes could also act as 

active layers for further fictionalization. Nevertheless, seldom research on their 

application on the textile materials can be found. Furthermore, the controllable 

site selection of the polymer brushes will be contributed to the surface 

lithography and their application on wearable circuit and device. 

1.2.2 Application of functional properties in textiles 

1.2.2.1 Advanced technology in functional textile finishing 

The novel properties of nano-materials show great attractive magic not only for 

academics and technologists but also for industries because of large economical 

prospective. Correspondingly, nanotechnology has actual profit for the textile 

business and has precipitously increased due to its distinctive and valued 

belongings. The prospect of modern technology in nanoscale turns out to be 

easier to expect. Meanwhile, supercomputer will run faster, materials will 

become smarter, and the knowledge and technology work on the nanometer 

scale.  

As described in the last section, the functional textile should respond to 

outer-environment changes to keep the human body in a proper steady state 

according to environmental changes. The mechanism of adding innovative 
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functional properties to the normal textile is a challenge. In related 

nanotechnology studies, the textile fields have made some achievements for the 

development and application of modern nanotechnology, including modifying 

traditional textile fibre and upgrading chemical finishing to improve moisture 

management, surface water repellency, antibacterial, self-cleaning, conductivity, 

and other properties by nanotechnology, have been developed considerably in 

the recent decades. 

Giant wave of recent nanotechnology application has already explored a large 

prospective in the textile/garment industry. Exploration accomplishments using 

nanotechnology to expand current material performance and creating 

extraordinary functions on textile materials are developed quickly. Major areas 

of concentration include nanofibres, nanofilms, nanocomposites, and 

nanoparticles; these nanoscale materials are integrated on textile structure. A 

twofold focus is also emerging as follows: upgrading the existing performance 

of traditional fibre materials and developing novel and intelligent textiles using 

unparalleled functional properties as follows: 

• Water and moisture-responsive functional textile 

• Light-responsive functional textile 

• Temperature-responsive functional textile 

• Bio-medical functional textile 

• Wearable electronics 

The influence of nanotechnology in the textile finishing area has brought up 

innovative finishing. Textile coating is a finishing process that covers one or 
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both sides of a substrate with a finish or layer of protective materials. For 

decorative and functional purposes, many different coating methods are used to 

treat textiles. Conventional methods of finish application, such as pad-dry-cure 

or coating that are currently being used to impart antimicrobial, UV blocking, 

self-cleaning, and FR finishes, are often accompanied by excessive weight add 

on, loss of feel and drape, poor durability to washing, loss of mechanical 

strength, and most importantly, reduced comfort to wearer. In many cases, 

protective garments have actually been known to impair user performance. 

Several safety issues relating to the use, as well as the disposal of chemicals 

used in contemporary finishes, do exist. However, several modern technologies 

that have the potential to revolutionize the process of textile finishing are also 

available. These technologies include immobilization of enzymes, layer by layer 

(LBL) assemblies, nanocoatings, and use of plasma for deposition of functional 

molecules. All these technologies are distinct from conventional finishes 

because they impart specific functionalities to textile surfaces by bringing about 

modifications at the micro-nano-level. They add functionality with minimum 

effect on the strength, feel, handle, or breathability of textiles. Some of these 

technologies have been tested and validated at laboratory scale, but most are still 

in research stages.  

In summary, the nanofinishing process could be divided into three main methods 

as follows: coating with pure nanoparticles, nanothickness membrane/film, and 

polymer-nanostructure composite. 

The following paragraphs generally discuss the principles of these innovative 

technologies, along with some specific examples of their applications in the field 
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of textile processing. 

LBL Assembly Technique 

LBL technique is a unique procedure developed for the modification of 

multiple coatings on solid surfaces. This procedure is achieved through a 

sequential adsorption of oppositely charged poly-cations and poly-anions to 

construct a sequence of polyelectrolyte composite coating on solid surface. The 

method has been used expansively for applications in polymer, sensors, LEDs, 

and fuel cells. Few studies that have been conducted on textile surfaces show 

that LBL method can be used to incorporate nanoparticles on textile fibres with 

specific functionalities that specifically matched the requirement of protective 

clothing. Other functional molecules, such as charged nanoparticles, dyes, and 

enzymes, can also be incorporated into the layers in a controlled 

manner.(Gulrajani & Gupta, 2011)  

The nanoparticles with some specific properties, , such as TiO2, ZnO, 

Copper, Silver, MgO, and CaO nanoparticles, have long been used in the 

industry finishing processes based on the fact that the production for making 

textiles more resistant to water, stains, wrinkles, and pathogens have led to 

additional advancements. Recent studies show that LBL can provide a 

chemically mild alternative to these processes for producing ultrathin, 

transmissive, and stable coatings. Some of these studies are classified on the 

basis of fibre substrates are discussed below.  

Ugur et al.(Ugur, Sariisik, Aktas, Ucar, & Erden, 2010) reported the result of 

ZnO nanoparticles absorbed on cotton fabric through LBL technology. About 

10–16 layers of ZnO functional materials were coated on the surface of textile. 
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The functional fabrics showed excellent antimicrobial and UV blocking 

performance. Anatase TiO2 nanoparticles have also been fixed on the surface of 

fabrics through the same process, and the functional fabrics show enhanced 

durable UV protection and self-cleaning properties(Ugur, Sariisik, & Aktas, 

2010). Wang et al.(Q. Wang & Hauser, 2010) deposited fluorescent brightening 

agent through LBL technique to fabricate UV blocking cotton fabrics. LBL 

technique could be used to increase the combustion characteristics of PET 

fabrics and cotton fabrics. Carosia et al.(Carosio, Laufer, Alongi, Camino, & 

Grunlan, 2011) reported the combination of zirconium phosphate nanoplatelets 

and silica nanoparticles composite depositing on polyester fabric by LBL. 

Treated fabrics showed improved thermal oxidative stability, increased time to 

ignition, and significantly reduced smoke release rate. 

Besides nanoparticles, some functional polymers could coat on the fibre 

surface by LBL deposition procedure in natural cotton, with natural 

polyelectrolyte, such as chitosan (CH) and alginic acid sodium salt (ALG); the 

durability of CH/ALG multilayer was evaluated. The finishing polyelectrolyte 

shows good antibacterial property. 

Plasma coating technique 

Plasma technology is a growing technology in textile industry, which can 

replace the traditional wet processing, hence minimizing the pollution 

problem.(CW Kan, Chan, Yuen, & Miao, 1998) The most significant 

advantage of plasma processes is modification of textile fibre surfaces to a depth 

of nanometres without relevantly altering the bulk properties of the fibres, such 

as tensile properties in textiles. In the present review work, an overview is given 
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on some outstanding plasma treatments of natural and synthetic 

fibres. For instance, the effects of plasmas on wool fibres and fabrics are shown 

with respect to their wettability, shrink-resistance, softness, and 

adhesion of polymers.(Y. Lam, C. Kan, & C. Yuen, 2011a; Lam, Kan, & Yuen, 

2012a) Here, this part is limited to the last application, which employs plasma 

for deposition of nanocoatings on textiles to impart functional properties. Kan’s 

group reports their research work about nanoscale plasma treatment on textile 

materials, specifically on wool fibre. The titanium dioxide and zinc oxide 

nanoparticles were treated on the surface of different fibres using atmospheric 

pressure plasma to enhance the nanoparticles deposition.(CW Kan, Yuen, & 

Tsoi, 2011; Y. Lam, C. Kan, et al., 2011a; Y. Lam, C. Kan, & C. Yuen, 2011b; 

Lam et al., 2012a; Lam, Kan, & Yuen, 2012b; Y. Lam, C. Kan, & C. W. M. 

Yuen, 2011a, 2011b; Y. Lam, C. Kan, C. W. M. Yuen, & C. Au, 2011; Y. L. 

Lam, C. W. Kan, C. W. M. Yuen, & C. H. Au, 2011) Despite the above 

achievements of atmospheric pressure plasma treatment, some demerits caused 

it be not completely commercialized in the textile industry yet. The 

disadvantages of plasma treatment are listed in the followings(Chan, Ko, & 

Hiraoka, 1996): 

1. The processing parameters are highly equipment dependent. Optimal 

parameters may differ from system to system; therefore modification of the 

system is needed before actual usage. 

2.  Plasma parameters are rather complex and difficult to control; many 

factors influence the interaction between the plasma and the substrate surface, 
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such as machine output power, treatment time, gas flow rate, and jet to substrate 

distance. 

3. The amount of the specific functional groups that formed on the substrate 

surface is difficult to control. 

Moreover, nano-thickness polymeric layers on fabrics can be achieved by 

plasma in physical vapor deposition (PVD) or plasma enhanced chemical vapor 

deposition mode. Coating material is first vaporized by plasma treatment. The 

vapors deposit and condense on fibre to form a thin and continuous film. 

Horrocks et al.(Horrocks, Nazaré, Masood, Kandola, & Price, 2011) coated 

cotton with clay and hexamethylenedisiloxane silicon by atmospheric 

plasma-treated to improve its resistance to flash fires. Alongi et al.(Alongi, Tata, 

& Frache, 2011) reported that the treatment of cotton fabric with cold oxygen 

plasma, followed by treatment with nanoparticles of talcite and silica, yields a 

more effective FR finish compared with that without plasma treatment. Plasma 

treatment could be used on various fabric substrates, including natural fibre and 

synthesized fibre, for industrial applications. Malkov et al.(Malkov et al., 2008) 

obtained thin uniform coatings of poly(allylalcohol) on cotton, wool, and silk 

fabrics and used pulsed plasma enhanced CVD.  

Various functional materials were coated by plasma. Nanoparticles of Ag, TiO2 , 

ZnO, carbon coatings, nanosilica particles, and SiOxCyHz (Jaroszewski, 

Pospieszna, & Ziaja, 2010) (Rosace, Canton, & Colleoni, 2010) have also been 

used to deposit on fabrics surface successfully and show good functions.. The 

method may have potential applications in textile finishing as well. The 
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adhesion between functional polymer coating and fibres was improved by 

low-temperature plasma surface modifications(Montarsolo et al., 2012). 

However, conventional coatings above are often accompanied by additional 

weight increasing, comfort losing, poor durability to washing, loss of 

mechanical strength, and most importantly reduced comfort to wearer. In many 

cases, protective garments have actually been known to impair user performance. 

Assuring the improved bonding of nanoparticles with fibres not only increases 

durability but also offers an eco-friendly concern of avoiding the release of 

nanoparticles into the environment.  

Research Gap 

Textiles with multiple functional properties are the future of global textile and 

apparel industry offering new challenges as well as opportunities. A major 

application of these textiles will be in the field of functional clothing where the 

consumer is demanding more and more comfort, easy care, health and hygiene 

while at the same time expecting shield against mechanical, thermal, chemical 

and microorganism attacks. Along with the new functionalities, other desirable 

properties of finishes include the appearance, feel and durability to washing. 

Such complex expectations can only be met by developing new, advanced and 

innovative technologies for finishing of textile products. As can be seen the 

future of research in textile finishing is undoubtedly based on assimilation of 

different sciences such as nanotechnology, physics, biotechnology and biology. 

As advances and developments in these areas continue to unfold, they will 

increasingly be used to produce smart, intelligent and interactive textiles of the 

future. 
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How to add additional functional properties to fibre? The effective methodology 

is introducing functional matters, including single molecular, functional polymer 

and functional nanoparticles, on surface of fibres or inner of fibres. 

Functional single molecular finishing 

Single molecular modification in textile is widely using in functionalizing fibres. 

The molecular with functional properties directly attached on fibre surface by 

chemical reaction or physical absorption. Surface activating chemical groups on 

fibre also could be regards as a kind of molecular modification, such as plasma 

treatment. Normally, single molecular modified on textile conduct as 

intermediate layer, for the following polymeric functionalizing and nanoparticles’ 

adhesion. For example, after surface treatment of plasma, the -OH and -NH2 

groups can be formed on the surface of chemical synthetic fibres and the surface 

properties can change from hydrophobic to hydrophlic. Furthermore, functional 

metallic and inorganic nano-structured materials can be loaded on fibres by 

different single molecular carriers, viz. liposomes, cyclodextrins, nano- and 

micro-capsules and dendrimers. 

But the functional single molecular layer, no matter with chemical or physical 

adhesion force, led to poor anti-friction and poor wash fastness. Some surface 

treatment such as low temperature plasma is large equipment dependence and 

costing. Both these gaps hinder their development as functional processing in 

textiles industry. 

Functional polymer finishing 

Functional polymer, including polyurethane, polyacrylic, polysilicone, 
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polyacrylate, polysilane, fluoropolymer, natural polysaccharide, and copolymers 

have been used widely in textile finishing industry. Besides imparting functional 

properties, main research goal for polymeric layers is increasing the wash 

fastness and long durable.  

  From the literature review, the modification of functional polymers can 

simply summarized as: 

! Physical polymeric coating  

! Crosslink polymeric coating 

! Spinning functional polymer fibre 

The details and contrast of these three methodologies are listing in the following 

table. 

Category of polymer coating Technologies Gaps 

Physical polymeric 

coating  

Spinning coating, 

padding 

Without adhesion force with 

fibre, thickness hardly be 

controlled 

Crosslink polymeric 

coating 

 in-suit 

polymerization, 

sol-gel 

Limited active groups on 

surface, thickness hardly be 

controlled 

Spinning functional 

polymer fibre 

 melt spinning, 

Electro-spinning, 

Failure on natural fibres 

Table  1.1 Summarize of functional polymeric finishing on fibres. 

Functional nanoparticles finishing 

From then on, the imparted functional properties to fibres can be summarized, 
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including UV blocking, flame retardancy, antistatic, antibacterial and 

conductivity, and so on. Generally certain metal oxides such as TiO2, SiO2, ZnO 

and Al2O3 are used as UV blockers functional matters, and metal nanoparticles 

and carbon nanostructures often used and conductive materials. Endow 

functional properties of nanoparticles to the fabrics is the essential purpose. 

Category 
of metal 
coating 

Schematic 
diagram 

Technologies Gaps 

Physical 
coating  

PVD, 
CVD ,electric 
deposition, ,m
agnetron 
sputtering, 
Spinning 
coating, 

Without interfacial force 
between nanopartilces and 
fibres, 

poor wash fastness, 

costly, dependence on 
large equipment 

Molecular 
captured 
nanopartil
ces 

 

 

Including: 
liposomes, 
cyclodextrins, 
nano- and 
micro-capsule
s, dendrimers 

Weak interfacial force 
between nanopartilces and 
fibres, 

poor wash fastness, 

Polymer/
nanopartil
ces 
composite 

 

 

 

 

Sol-gel, 
Padding, 

In-suit 
polymerizatio
n, 

Without interfacial force 
between composite and fibres, 

Poor wash fastness, 

Blocked surface active 
properties by polymer, 

failure on thickness control 

Spinning 
nanoparti
cles- 
polymer 
fibre 

 

 

 

melt spinning, 
Electrospinnin
g, 

Failure on functionalizing 
natural fibres,such as cotton 
and wool 
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Table 1.2 Summarize of functional nanoparticles finishing on fibres. 

 

From the table we can learn the main finishing nanoparticles to impart to the 

fibre surface. The main question is lack of interfacial force between the 

functional nanoparticles and fibre surface. The science and knowledge of 

interface between functional matters and fibre is limited study in the literature. 

The durability and wash fastness of the textile are important to a novel 

nano-finishing method. But among these novel finishing methods, the poor 

washability still limited their application in the industry. How to increase the 

absorption force of between the interface of coating functional materials and the 

fabrics is emerge scientific subject. How to find a novel system can impart 

functional properties to textile/fabrics/fibres with long durable and wash fastness 

is a emerge issue. Meanwhile, how to assure the nanoparticles could provide 

effective functional properties without blocked by polymer pose a new challenge 

to scientists.  

1.2.3 Active polymer interface assistant nanoparticles deposition 

As described in 1.2, conductive fabric as the most important research highlight 

in the e-textile and wearable device, become the popular industry by its huge 

economical drawing function .The emerging flexible and stretchable electronics 

has opened up doors to many new application areas, such as robotic skins, 

wearable displays, and medical implants, which are extremely difficult to 

achieve with traditional hard and rigid electronics.(Forrest, 2004; L. B. Hu et al., 

2010; D. H. Kim et al., 2011; Lacour et al., 2010; Rogers et al., 2001; Sekitani et 

al., 2009; Shang, Zeng, & Tao, 2011; Yamada et al., 2011) One critical step to 
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realize these devices is the fabrication of conductive components such as 

interconnects circuits, and contact pads onto flexible and stretchable substrates. 

Although quite a few of new materials including nanofibres,(Gray, Tien, & 

Chen, 2004; H. Wu et al., 2010) carbon nanotubes,(Baughman, Zakhidov, & de 

Heer, 2002; Cao & Rogers, 2009) graphene sheets, (Geim & Novoselov, 2007; 

K. S. Kim et al., 2009) and nanocomposites (Balazs, Emrick, & Russell, 2006; 

DeLongchamp & Hammond, 2004; Honma, Nomura, & Nakajima, 2001) were 

developed in the past decade, metal is still the best conductor in terms of 

conductivity, stability, compatibility, and cost. Indeed, pioneering works done 

by Rogers, Suo, and Someya have demonstrated that metal can be well 

engineered into flexible and stretchable forms.(D. H. Kim & Rogers, 2008; T. Li, 

Huang, Suo, Lacour, & Wagner, 2004; J. A. Rogers, T. Someya, & Y. G. Huang, 

2010; Sekitani & Someya, 2010) 

Compared with other accomplished metallization methods such as physical 

vapor deposition,(Silva et al., 2006) chemical vapor deposition,(Limb, Gleason, 

Edell, & Gleason, 1997; Sun & Rogers, 2007) and electrochemical 

plating,(Brosteaux, Axisa, Gonzalez, & Vanfleteren, 2007; Cho, Kim, Lee, & 

Lee, 2005; X. Q. Li et al., 2011)electroless deposition (ELD) has recently 

emerged as a versatile and low-cost tool for making high quality metal structures 

on flexible and stretchable substrates. It is particularly suitable for plastic 

substrates because the process does not require high temperature treatment, 

expensive equipment, or conducting substrates.(Cheng et al., 2005; 

Zschieschang, Klauk, Halik, Schmid, & Dehm, 2003) ELD is an autocatalytic 

redox reaction in which metal cations in the solution are reduced on substrate 



26	  
	  

surfaces to form a metal thin layer.(Durkin & Steinecker, 2000; Paunovic, 2007) 

A typical ELD process involves two steps being: 1) the immobilization of 

catalyst (typically metal ions or colloidal particles) on an anchoring layer of the 

substrate by means of chemi- or physisorption, and 2) the subsequent in situ 

growth of metal particles in an ELD bath. Notably, the anchoring layer is critical 

in ELD not only because of its improvement in the uptake efficiency and 

selectivity of the catalyst, but also being an adhesion layer for the metal thin 

film.(Aldakov, Bonnassieux, Geffroy, & Palacin, 2009) 

In the past decade, many advances have been made to develop surface-grafted 

polymers, polymers covalently tethered on the surface, as a powerful anchoring 

layer for ELD (Scheme 1.1). Several surface grafting techniques including 

surface-initiated atom transfer radical polymerization (SI-ATRP),(Edmondson, 

Osborne, & Huck, 2004; Pyun, Kowalewski, & Matyjaszewski, 2003)ultraviolet 

(UV),(Deng, Wang, Liu, & Yang, 2009) plasma(Kang & Zhang, 2000) and 

radiation(Nasef & Hegazy, 2004) induced polymerization have been employed 

to fabricate surface-grafted polymers onto various substrates, including plastic 

thin films, textiles, and stretchable elastomers. Compared with self-assembled 

monolayers (SAMs), polymers provide a large amount of binding sites along the 

polymer chains for capturing catalytic moieties. Therefore, the ELD speed 

significantly increases with the high concentration of catalyst. More importantly, 

these surface-attached polymer chains can form interpenetrating network with 

deposited metal nanoparticles in ELD, so that they dramatically improve the 

adhesion and mechanical stability of the deposited metal thin film at bending 

and/or stretching. 
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Scheme 1.1. Schematic illustration of surface-grafted polymer assisted ELD. 

Briefly, the polymers are first grown from a substrate, followed by 

immobilization of catalyst, and finally a metal thin film is formed via an ELD 

process.Themainkinds of polymers, being cationic, anionic, and nonionic 

polymers wear used in ELD.  

Cationic Polymer for ELD 

Cationic polymers, positively charged polyelectrolytes in the presence of an 

aqueous solution, can capture negatively charged catalytic moieties, and 

therefore they can be used as anchoring layers of ELD.(Hrapovic, Liu, Enright, 

Bensebaa, & Luong, 2003)The most widely reported cationic polymer for ELD 

is poly[2-(methacryloyloxy)ethyl-trimethylammonium chloride] (PMETAC) 

brushes, of which the quaternary ammonium groups have strong binding affinity 

with metal anions such as PdCl4
2-. PMETAC brushes were considered as ion 

reservors and could be used to capture or transfer ion species with contact 

printing.(Azzaroni, Moya, et al., 2006) 

Huck group first reported the use of PMETAC brushes as an ultrathin anchoring 

layer for site-selective ELD of Cu.(Azzaroni, Zheng, Yang, & Huck, 2006)In 

that method, PMETAC brushes were first grown from initiator-modified 

substrates (e.g Au, and Si) via water-mediated SI-ATRP. The 

PMETAC-modified substrates were then immersed in a PdCl4
2- solution, in 

which the PdCl4
2- species were immobilized onto the quaternary ammonium 
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groups of PMETAC through ion exchange. Subsequently, the substrates were 

immersed in a copper electroless plating bath for the formation of thin Cu films. 

The loading amount of catalyst can directly influence the ELD process, which is 

difficult to control when using polyelectrolyte multilayers or SAMs as anchoring 

layers.(Azzaroni, Zheng, et al., 2006) PMETAC brushes, on the other hand, 

showed a particular ability to control the loading amount of PdCl4
2- by simply 

varing the PdCl4
2- concentration. Thicker copper films were formed at the same 

plating time with higher loading of PdCl4
2-. The resulted Cu films could readily 

pass the scotch tape peel-off tests, showing excellent adhesion to the substrates. 

This method also showed very good site-selectivity. When patterned PMETAC 

brushes were synthesized, ELD only occured on the brush-covered areas. 

The PMETAC brush-assisted ELD is a promising anchoring layer for coating of 

metals on flexible substrates when taking into account the excellent 

metal-substrate adhesion promoted from the PMETAC brushes. Huck group 

showed that the same strategy can be applied on flexible poly(dimethyl siloxane) 

(PDMS) substrates.  

Anionic Polymer for ELD 

Anionic polymers, negatively charged polyelectrolytes in the presence of an 

aqueous solution, can be used to capture positively charged catalytic moieties 

for ELD. Examples of these anionic brushes include poly(methacryloyl ethyl 

phosphate) (PMEP) and poly(acrylic acid) (PAA).  

Grafting PMEP brushes for ELD was first reported by Zheng and coworkers.(Z. 

L. Liu et al., 2009) The authors used µCPand SI-ATRP to synthesize binary 
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polymer brushes consisting of PMETAC and PMEP, two oppositely charged 

polyelectrolytes as seeding templates for subsequent site-selective electroless 

plating of Cu/Ni bimetallic structures (Scheme 1. 2). The synthesized positively 

charged PMETAC have quaternary ammonium groups which has strong affinity 

to PdCl4
2− species, while negatively charged PMEP bearing phosphate groups 

shows strong affinity to Pd(NH3)4
2+ species. The binary polyelectrolyte brushes 

were subsequently loaded with oppositely charged, catalytic-active metal ions 

respectively, and used for site-selective ELD of two different metals, i.e. Cu and 

Ni. This method demonstrated the site selectivity of the ELD enabled by using 

different polyelectrolyte brushes, which can be potentially used in fabrication of 

metal alloy electronic devices.  

PAA bearing carboxylate groups, can act at a suitable pH as complexing sites to 

immobilize [Pd(NH3)4]2+, Cu2+, and Ni2+ ions, which could be used as catalyst 

for ELD. Surface-grafted PAA for ELD was first reported by Kobersterin 

group.(Lancaster et al., 2008) They designed a universal method to pattern 

metals on a polymeric substrate. In this method, a diblock copolymer 

polystyrene-b-poly(ter-butyl acrylate) (PS-b-PtBA) self-assembled at a PS 

substrate, where the PS blocks interpenetrated into the substrate by annealing at 

100 oC under vacuum. The PtBA blocks exposing to the air were then 

site-selectively hydrolyzed to PAA by exposure to UV radiation through a 

shadow mask in the presence of a photoacid generator. The PAA blocks were 

used to capture [Pd(NH3)4]2+ or Ni2+ for ELD (Scheme 1. 3). This concept can 

be applied to most polymeric substrates but it is limited by the specifically 

synthesized block copolymer, of which the first block has to be the same as the 

polymeric substrate. 
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Scheme 2. Schematic illustration of binary, positively/negatively charged 

polyelectrolyte brushes for selective uptake of palladium seeds for subsequent 

ELD of Cu and Ni. Adapted with permission from reference.(Z. L. Liu et al., 

2009) 
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Scheme 1.3. Schematic illustration of the postmodifcation method of block 

copolymers for ELD. A) Asesembly of PS-b-PtBA copolymer on a PS substrate. 

B) UV irradiation of copolymer surface through contact mask. C) Selective 

adsorption of [Pd(NH3)4]2+ catalyst on areas hydrolyzed to PAA . D) Selective 

deposition of Ni. Adapted with permission from reference.(Lancaster et al., 

2008) 

More recently, Berthelot, Garcia and coworkers introduced a ligand induced 

electroless plating (LIEP) process for fabricate metal structures on polymeric 

substrates.(Garcia, Berthelot, Viel, Mesnage, et al., 2010; Garcia, Berthelot, Viel, 

Polesel-Maris, & Palacin, 2010; Garcia, Polesel-Maris, Viel, Palacin, & 

Berthelot, 2011) In this method, PAA was covalently grafted onto polymeric 

substrates via a so-called GraftFast technology developed by Palacin group. In 
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GraftFast, aryl diazonium salts are reduced in the presence of iron powder to 

generate surface-active aryl radicals, which can be used to initiate the radical 

polymerization of the vinylic monomer inthemonomersolution.(Mevellec et al., 

2007) The surface-grafted PAA was then immersed in an alkaline solution 

containing ammonia and Cu2+ ions, where the Cu2+ ions were loaded to the 

carboxylate groups of PAA. The anchored Cu2+ions were reduced in situ by 

NaBH4, and the resulting Cu0 species acted as seeds for the ELD of Cu. 

Importantly, the LIEP method does not require expensive palladium catalyst and 

the PAA grafting method can be applied to many polymeric substrates such as 

poly(ethylene terephtalate) (PET) and poly(vinylidene fluoride) (PVDF), 

acrylonitrile-butadienestyrene polymers (ABS), polyacrylontrile (PAN), 

polybutadiene (PB), and PS. The electrical properties of the as-made Cu were 

stable and close to bulk values. More importantly, the Cu patterns on flexible 

substrates can withstand mechanical deformation. The effect of the mechanical 

deformation on the resistivity of a Cu pattern on a flexible PET sheet was 

studied by bending the PET sheet around a cylinder. Only small resistivity 

change was found between 30 to 40 cycles.  

Nonionic Polymer for ELD 

Apart from the ionic polymer brushes mentioned above, nonionic polymers such 

as poly(4-vinylpyridine) (P4VP), poly(2-vinyl pyridine) (P2VP), polyacrylamide 

(PAM), poly(vinyl pyrrolidone) (PVP), and polyacrylonitrile (PAN) also consist 

of highly efficient binding sites of metal catalysts suitable for ELD (Scheme 1.4). 

These polymers have two unique features. First, the catalytic moieties directly 

attach to the binding sites via the coordination interaction of the free electron 
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pair of N. Therefore, the binding efficiency and strength can be optimized via 

proper variations of the chemical structures of the anchoring layer by using 

suitable homopolymers or copolymers consisting of two types of binding sites. 

Second, these polymers could be grafted onto many polymeric substrates such as 

polyimide (PI), fluorinated  

polyimide (FPI), poly(tetrafluoroethylene) (PTFE), 

poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP), polypropylene (PP), 

polyethylene (PE), and porous silk by various grafting methods including the 

SI-ATRP, plasma-, UV- and radiation-induced grafting or copolymerization, 

which posses high reaction rate, low processing cost, simple requirement for 

equipment, and high potential for industrialization. 

 

Scheme 1.4. Schematical illustration of the processes of Ar plasma pretreatment, 

UV-induced surface graft copolymerization, and ELD of copper on the 

graft-modified polymer substrate, which was reported by Kang and 

coworkers.(G. H. Yang, Kang, & Neoh, 2001; G. H. Yang et al., 2002) 

Addition to direct surface grafting methods mentioned above, the N-containing 

nonionic polymers can be synthesized via a proper post modification of 

surface-grafted polymers. Kang group reported several works in this strategy, 
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including the silanization of poly (2-hydroxyethyl acrylate) grafted PTFE 

surface or poly(n-(hydroxymethyl)methacrylamide) grafted PTFE surface with 

N-[3-(trimethoxysilyl)propyl]diethylenetriamine,(S. Y. Wu, Kang, Neoh, & Tan, 

2000) the reduction of polyaniline grafted PTFE(Ma, Tan, Alian, Kang, & Neoh, 

2001) and glass,(Y. J. Chen, Kang, Neoh, & Huang, 2001) the amidoximation of 

the polyacrylonitrile grafted FEP films. Cu thin films deposited by ELD on these 

post modified polymer showed excellent adhesion with the substrate in peeling 

tests.(Yu, Kang, & Neoh, 2002) Chen group recently reported the carboxylic 

acid moieties on the grafted PAA were reacted with ethylene diamine. The 

resulted amine terminating polymer coating was used to capture gold 

nanoparticles as catalyst for ELD of gold (Fig. 1.8). The patterned gold 

electrodes showed strong adhesion to the PDMS substrates and were integrated 

for amperometric detection in a PDMS micro electrophoresis chip.  
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Figure 1.8 A) Chemical reactions involved for the ELD of Au. B) Digital image of a 
micro Au electrode array prepared on a PDMS sheet of 2.5 cm × 3 cm. C) SEM image 
of an array of straight Au lines of 10 µm width and 90 µm spacing. Adapted with 
permission from reference.(Hao, Chen, & Ma, 2009) 
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 Polymers Grafting 

method 

Metal Substrate 

Cationic  

 

PMETAC(Azzaroni, Zheng, et al., 2006; X. Q. Liu, 

H. X. Chang, Y. Li, W. T. S. Huck, & Z. J. Zheng, 

2010; Z. L. Liu et al., 2009; X. L. Wang, H. Hu, Y. 

D. Shen, X. C. Zhou, & Z. J. Zheng, 2011) 
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spandex 

fibres,  
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Kang, & Neoh, 2004; W. C. Wang, Vora, Kang, & 

Neoh, 2003; W. C. Wang, Zhang, Kang, & Neoh, 

2002; D. Z. Wu, Zhang, Wang, Zhang, & Jin, 2008; 

G. H. Yang et al., 2002; W. H. Yu et al., 2002; Zhu, 

Kang, Neoh, Osipowicz, & Chan, 2005) 

UV, 
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grafting 
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Table 1.3 ELD enabled by various surface-grafted polymer coatings 

 

PAA post modified with 

ethylenediamine(Hao et al., 2009) 

UV 

grafting 
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Versatile and low-cost tool for making high quality metal structures on flexible 

and stretchable substrates need to developed, especially in conductive fabrics 

and wearable electronic device. It is particularly suitable for plastic substrates 

because the process does not require high temperature treatment, expensive 

equipment, or conducting substrates 

Surface-grafted polymer assisted ELD is versatile, low-cost, and particularly 

suitable for the fabrication of metal structures on substrates, plastic thin sheets, 

to stretchable elastomers. The general strategy involves the formation of 

functional polymer coatings on substrates via various surface-grafting 

techniques, the seeding of catalytic moieties onto the surface-grafted polymer, 

and the subsequent ELD process. Table 1 summarizes these recent advances in 

the above-mentioned cationic, anionic, and nonionic polymers. These successful 

demonstrations can be attributed to two important features. The most obvious 

characteristic is the strong adhesion between the electrolessly deposited metal 

thin films and the polymeric substrates as a consequence of the formation of 3D 

interpenetrating networks between surface-grafted polymer chains and the metal 

nanoparticles. Such networks well address the challenge of mechanical failures 

between metal coatings and the coated flexible or stretchable substrates, where 

the two materials are naturally mismatched. The second important characteristic 

is that the surface patterning of polymer coatings can be readily realized by 

many lithographic techniques such as photolithography, contact printing, and 

scanning probe lithography.(Gates et al., 2005; Ginger, Zhang, & Mirkin, 2004; 

X. Q. Liu, Y. Li, & Z. J. Zheng, 2010; Nie & Kumacheva, 2008; ul Haq et al., 

2010; F. Zhou, Zheng, Yu, Liu, & Huck, 2006; X. C. Zhou, Liu, Xie, & Zheng, 

2011; X. C. Zhou, Wang, Shen, Xie, & Zheng, 2011; X. Z. Zhou, Boey, Huo, 
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Huang, & Zhang, 2011; X. Z. Zhou, Boey, & Zhang, 2011)  

Research Gaps 

As a conclusion, surface grafting polymer brushes demonstrate an active 

interface to generate functional materials by electrolessly deposited 

nanoparticles, to match the gaps of conventional finishing method. Polymer 

brushes would be used as functional polymer layers and active interface to 

bridge the nanoparticles and fabrics, including metal nano-semiconductor, with 

the durable connection between the electrolessly deposited metallic films and 

the fabrics substrates. Surface grafted polymer brushes can act as a consequence 

of the formation of 3D interpenetrating networks between fibres metal/metal 

oxide nanoparticles. Extensionally, with the advantage in site selectivity of the 

ELD process, one can fabricate highly integrated electronic devices on flexible 

and stretchable substrates with the patterned surface-grafted polymer brushes 

templates. Additionally, many scientists focus on the research work on metal 

electroless deposition, seldom reports referred to the metal oxide nanostructure 

deposition on fabrics. And the metal oxide nanostructures show particular 

important functional properties, including UV blocking, self-cleaning, FIR 

reflection and antibacterial performance, which have great potential application 

in functional textiles. This methdology will open a new door for scientists and 

engineers to develop functional textile fields.   

1.3 Summary of Research Gaps  

In summary, five knowledge gaps are found from literature review.  
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Gap 1: There is very limited understanding active molecular interface on fibres 

with initiating polymerization function and strong adhesion force with fibres 

Gap 2: Responsive polymeric interface by surface-initiate 

atom-transfer-radical-polymerization and relationship betweent active polymeric 

interface and functional fabrics have been limited investigated systematically; 

Gap 3: Interaction between metals coating and fibres is weak and the deposited 

metal coating is always discontinuous, which are critical steps in application; 

Gap 4: Interaction between metallic oxide coating and fibres has limited study 

and functional fabrics by traditional finishing always show poor washes 

fastness; 

Gap 5: Scale effect from nano polymer brushes and micro polymer brushes on 

hierarchical fabrics with structure of micro-nano-polymer brushes has never 

been studied.   
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1.4 Objectives 

Research objectives in this study will be introduced according to fill the 

knowledge gaps identified from literature review. Designed methodologies to 

achieve research objects will also be discussed.  

To fill these knowledge gaps, the following objectives are derived:  

Objective 1: To construct active molecular interface for polymerization and the 

interface with strong interact to fibres; 

Objective 2: To manufacture responsive polymeric interface on fibres by 

surface-initiate atom-transfer-radical-polymerization and find the relationship of 

responsive interface and functional properties of fibres.  

Objective 3: To fabricate metal-polymer brushes composite networks on fibre 

surface connected by strong adhesion force. 

Objective 4: To extend and manufacture metallic oxide-polymer brushes 

composite onto fibre surface connected by strong adhesion force. 

Objective 5: To construct and characterize micro-nano-multi brushes structures 

fabrics with antifouling and antibacterial properties. 
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1.5 Research Methodologies 

To achieve the objectives, it could be summarized that the following research 

methodologies will be adopted, including: 

1.5.1 Construct active molecular interface by designing and grafting 

initiators for Surface-Initiated Polymerizations with strong interact to 

fibres 

The chemical structure of the initiator will be designed according to the type of 

polymerization and substrates. According to the chemical composition of cotton 

fibres, initiator will be designed and synthesized for being bonded to the cotton 

surface before polymerization processes. At one end of the initiator molecules, 

there should have functional chemical groups that could react with fibres to form 

covalent bonds with the hydroxyl on fabrics surface. Designed initiator 

molecules should have functional groups for initiating polymerization at the 

other end. The chemical structure of initiation site differs according to the type 

of polymerization and the choice of monomer.  

1.5.2 Built responsive polymeric interface on fibres by surface initiate atom 

transfer radical polymerization and find the relationship of responsive 

interface and functional properties of fibres. 

After the initiator is assembled onto fabrics, functional polymer brushes will be 

designed and synthesized by surface initiated polymerization. To fill the 
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research gap 2, PNIPAN brushes will be grafted on cotton fabrics to form a 

stimulated responsive interface. This smart interface will be transformed 

between hydrophilic to hydrophobic, and this intelligent inteface pertinent to 

smart moisture management and thermal regulation will be investigated 

systematically. Finally, the wearable temperature responsive device will be 

demonstrated on human body. 

1.5.3 Graft polyelectrolyte brushes as active interface for metal 

nanoparticles ELD on fibre surface, to format metal-polymer brushes 

composite and investigate the electronic conductivity of functional fabrics.   

To fill the research gap3, polyelectrolyte brushes will be grafted on fabrics 

surface for electrolessly deposited metal to form continuous conductive layers 

on fabrics. The most obvious characteristic is the strong adhesion between the 

electrolessly deposited metal thin films and the polymeric substrates as a 

consequence of the formation of 3D interpenetrating networks between 

surface-grafted polymer chains and the metal nanoparticles. Such interfacial 

force well address the research gap3 of failures between metal coatings and the 

coated fabrics or other flexible substrates, where the two materials are naturally 

mismatched.  The electronic conductivity of these as-made materials will be 

testing, including wash fastness, durability and mechanical property. To match 

the wearable electronic device, polymer brushes will play as site selection to 

metal nanoparticle deposition. As extending the application of active 

polyelectrolyte brushes layers, the surface patterning of conductive metal 

coatings can be readily realized by many lithographic techniques such as 

photolithography, contact printing, and scanning probe lithography. 
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1.5.4 Graft polyelectrolyte brushes as active polymeric interface for ZnO 

nanoparticles ELD on fibre surface to format metal-polymer brushes 

composite, and investigate the UV blocking property 

To fill the research gap 4, the polyelectrolyte brushes assistant electroless 

deposition system in coating ZnO nanostructure on fabrics will be extend in this 

proption. The polyelectrolyte brushes will be first grafting on cotton fabrics and 

the ZnO ELD processing will be studied and optimized. The XRD, TGA and 

DSC will be employed to testing relevant crystal properties. Subsequently the 

UV blocking property will be tested, and the wash fastness will be investigated 

as well.  

1.5.5 Construct and characterize fabrics with structure of 

micro-nano-polymer brushes and investigate antifouling and antibacterial 

properties of modified fabrics 

To match the research gap 5, basing understanding the mechanism of interface 

between materials and microorganism, two functional fabrics will be fabricated. 

One is fabricated by grafting polymer brushes on peach finishing fabrics with 

micro-brush, which will be used for antifouling fabrics. The other approach is to 

investigate the antibacterial properties of copper coating fabrics by ELD.  

Through these five methodologies, this thesis will establish systemic strategy for 

functionalizing fabrics through grafting polymer brushes. 

1.6. Thesis Outline 
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Figure 1.9 Thesis framework 
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As shown in Figure 1.9, this thesis consists of eight chapters, as follows: 

Chapter 1 contains a short description of the issues that initiated the Ph.D study, 

including a background and historical outline of functional fabrics and polymer 

brushes. An extensive literature review was conducted on functional fabrics, so 

as to have a general understanding of the research status, thus determine the 

knowledge gaps, and identify the research objectives and methodologies to be 

adopted.  

To achieve Objective 1, Chapter 2 presents active single molecular interface for 

polymerization and bonding with surface of fibres by covalent bonds, which will 

be used on fabrics and optimization on growth of polymer brushes.  

Chapter 3, Chapter 4, Chapter 5and Chapter6 demonstrate several functional 

polymer brushes grafting on fabrics surface and as-made functional fabrics & 

textiles. Different responsive interface can lead to various functional properties. 

Suitable materials, substrates and fabrication technologies were selected for the 

fabrication of the functional fabrics.  

To achieve Objective 2, Chapter 3 studies how to construct active polymeric 

interface on fibres. Responsive polymer bushes are grafted from activated single 

molecular layer on fibres by the surface-initiated atom transfer radical 

polymerization (SI-ATRP).  Temperature responsive interface made by thermal 

responsive PNIPAM polymer brushes have been grafted onto cotton fabrics. 
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This responsive interface employed on cotton fabrics to impart particular 

moisture management and thermoregulation properties, according to the 

functions and wash fastness requirements. 

To achieve Objective 3, Chapter 4 fabricates metal-polymer brushes composite 

networks on fibre surface connected by strong adhesion force. This chapter 

develops a salt solution responsive polymer brushes grafting on fabrics, and this 

catalyst absorbing interface acts as a platform for copper and nickel electroless 

deposition on the polymer brushes modified surface. This system could control 

the deposition speed and have good electronic conductivity.  

Chapter 5, based on the developed system in Chapter 4, surface extends the 

technology of how to graft polymer brushes on synthetic fibre. Low temperature 

plasma is introduced into the grafting process. Additionally, polymer brushes as 

site selection for surface lithography for the application on wearable 

electro-device is developed. 

To achieve Objective 4, Chapter 6 fabricates metal oxide-polymer brushes 

composite networks on fibre surface connected by strong adhesion force. 

Besides metal nanoparticles described in Chapter 4 and 5, semiconductor ZnO 

nanoparticles electrolessly deposited on fabrics is investigated in Chapter 6. The 

morphological controllable deposition of nanoparticles and UV blocking 

properties were investigated in this part. 

To achieve Objective 5, in Chapter 7, fabrics with micro-nano-polymer brushes 

are developed. Antifouling polymer brushes are grafting on fabrics with 
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multi-brushes structure. Settlement assays with microalgae/zoospores presented 

micro-nano multi-scale polymer brushes showed effectively antifouling 

properties to microalgae/zoospores. In future, the testing in dynamic seawater 

will be carried on.  

Finally, Chapter 8 draws conclusions and points out future work. Overall 

conclusions and summaries were highlighted. Some suggestions are presented 

and potential research projects related to the thesis are also discussed. 
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CHAPTER 2. MOLECULAR DESIGN, SYNTHESIS AND 

CHARACTERIZATION OF SI-ATRP INITIATOR FOR THE FABRICS 

SUBSTRATES 

2.1 Introduction 

This chapter was to achieve the first objective described in chapter 1, 

surface-initiate atom-transfer-radical-polymerization can only react on an active 

layer with initiator groups, and the initiator modified surfaces are then exposed 

to solutions containing catalyst and monomer for polymerization from the 

surface. This method, namely surface-initiated polymerization or ‘grafting from’ 

method, offers a greater control over the brush density, composition, 

morphology, and film thickness than the ‘grafting to’ method. Hence, designing 

the initiator of ATRP on fabrics’ substrates is required to achieve good adhesion 

between further functional brushes layers and fibre. The results and conclusions 

from this chapter can be referred to optimize polymer brushes growth and 

durability of functional layers.  

2.2 Molecular design of initiator for fabrics substrate 

In general, the controlled assembling of polymer brushes is shown in Figure 2.1. 

Polymer brush chains grown from the surface modified initiator through a 

SI-ATRP system. How to tether ATRP initiators on a substrate is a question of 

molecular assembly techniques. The chemical structure of the initiator will be 

designed according to the type of polymerization and substrates. Table 2.1 

summarizes the reported initiators for various substrates, through non-covalent 

effects (e.g., π–π or electrostatic interaction) or chemical bond formations.  
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Table 2.1. Overview of the Commonly Used Substrates and the 

Corresponding ATRP (Macro) Initiator 

Substrate Initiator structure 

Nobel Metal (Au, Ag. Pt. 

etc.) Cu 
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Br

S O
Br

O

S O
Br
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Si N
H

O
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O
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carboxylic acid 
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HO

O
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Br

O

Br
Br

O

Br  
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HO
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H

O
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In this study, according to the chemical composition of textile fibres, initiators 
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will be designed and synthesized for being bonded to the textile surface before 

polymerization processes.  

 

Figure 2.1 Schematic illustration of surface-initiated polymerization 

The main materials in textile can be divided into natural fibre and synthetic fibre. 

For natural materials, such as cotton in nature is the most generally used natural 

fibre in the world. Consequently, the majority of the research work will be 

carried on the cotton fiber, meanwhile the cotton's molecular structure contains 

reactive hydroxyl groups. The trichlorosilane-functionalized initiators were 

chosen because they could quickly react with surface hydroxyl groups of the 

cotton cellulose. A 2-bromoisobutyrate moiety allows single assembled 

molecular to act as an initiator layers for atom transfer radical polymerization, 

which is the main method to synthesize polymer brushes. For comparison, 

2-bromoisobutyryl bromide is also used as SI-ATRP initiator. 

H3C

Br

Br
CH3

O

 

2-Bromo-2-methyl-propionyl bromide 
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H3C
Br

CH3

O

Si
Cl Cl

Cl
 

trichlorosilane initiator 

2.3 Synthesis of Trichlorosilane Initiator 

After designed the structure of initiator using in modification on textile fibres, 

the chemical synthetic processing is correspondingly designed following 

procedure 1 and procedure 2. After purification by Kugelrohr distillation, 13C 

NMR, 1H COSY NMR and 13C-1HMQC NMR all point to the correct product 

being present. 

The detail of the synthesis is showed as follows. 

 

Procedure 1 

Experiment Procedure 1: 

Reagents: Allylalcohol (CAS:107-18-6)-17ml (14.5g ; 250 mmol), 

Bromoisobutyryl bromide 31 ml (57.66 g ; 250 mmol), Triethylamine 42ml 

(30.5 g , 301 mmol), Dichloromethane (DCM) -165ml, Hexane-eluens for 

column, Ethyl acetate- eluens for column. 

 

Mix 17 ml ally alcohol and 42 ml TEA in 100 ml DCM in 500 ml 3-necked 



53	  
	  

flask, equipped with a pressure-equalising dropping funnel. Evacuate and 

backfill with N2, cool with iPA/dry ice. Then dissolve 31 ml bromoisobutyryl 

bromide in 65 ml DCM and add to dropping funnel. Bromoisobutyryl bromide 

solution is drop-wise added to allyl alcohol solution (over appr. 90 minutes), 

while cooling flask with iPA/dry ice. Keep stirring mixture at -78 oC (iPA/dry 

ice) for 1h. After filter suspension to remove TEA-salt, wash filtrate with HCl 

(1M) NaHCO3 (saturated). Dry and evaporate to yield appr.47 g of yellow oil. 

Purify by column chromatography, hexane/ethyl acetate (11:1) to yiled 37.2 g 

(180 mmol, 72%) of pure product. 

Procedure 2 

Experiment Procedure 2: 

Reagents: Bromoisobutyryl ally ester 5 g (24 mmol), Trichlorosilane 40 ml 

(396 mmol) Hydrogen hexachloroplate 0.1 g (0.24 mmol), 1,2-dimethoxyethane, 

Toluene, DMC. Dissolve 5 g Bromoisobutyrylallyl ester in 40 ml trichlorosilane; 

attach to nitrogen line via 2 cold traps. Put under N2, 100mg hydrogen 

hexachloriplatinate was dissolved in 10 ml 1, 2-dimethoxyethane, add to 

trilorosilane slowly. Then the reaction kept stirring overnight in dark at 

room-temperature. Then 20 ml toluene and 40 ml×2 DCM were added and 

evaporated liquids under reduced pressure. Finally, produce comes over at 

T~150 oC, p~10 mbar. 

The result of  1 H NMR (Chloroform-d 400 MHz): 2.02:CH3， 4.08: CH2，

1.6: CH2，1.3:CH2. 5 different types of hydrogen were identified in the following 

list. 
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Node   Shift    Base + Inc.   Comment (ppm rel. to TMS) 
 CH3    2.02        0.86      methyl 
                    0.83      1 beta -Br 
                    0.28      1 beta -C(=O)OC 
                    0.05      1 beta -C 
 CH3    2.02        0.86      methyl 
                    0.83      1 beta -Br 
                    0.28      1 beta -C(=O)OC 
                    0.05      1 beta -C 
 CH2    4.08        1.37      methylene 
                    2.75      1 alpha -OC(=O)-C 
                 
 CH2    1.6         1.37      methylene 
                    0.24      1 beta -OC(=O)-C 
 CH2    1.3         1.37      methylene 
 

O

Br

O

Si
Cl

Cl

Cl

2.02 2.02

4.08

1.6

1.3

ChemNMR H-1 Estimation

 

2.4 Comparison between 2-bromoisobutyryl bromide and trichlorosilane 

initiator 

2.4.1 Immobilization of ATRP initiators 

Cotton fabrics were first immersed in two anhydrous toluene solutions that 

contain synthesized trichlorosilane functionalized initiator and 

2-bromoisobutyryl bromide respectively, allowing the hydroxyl groups of 

cellulose to react with the silane molecules and acyl bromide through a 

condensation reaction. Both the two fabrics grafted with different initiators were 
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then rinsed several times with fresh anhydrous toluene and dichloromethane to 

remove the excess physisorbed initiators and byproduct molecules, followed by 

drying in a vacuum at 50 °C for 2 h.  

2.4.2 Polymer brushes growth on initiator modified fabrics 

For the preparation of the polymerization solution, commercially available 3.9 

M NIPAM solution, NIPAM (3.79 g, 33 mmol) was dissolved in a 7:3 mixture 

of MeOH/H2O (3.75 mL) and subjected to three freeze-pump-thaw cycles. 

Inside a glove box, CuBr (48 mg, 0.33 mmol) and PMDETA (0.174 g, 210 µL, 

1.0 mmol) were weighed into a jar with screw-top lid, dissolved in the 

MeOH/H2O mixture containing NIPAM. The two fabrics grafted with different 

initiators were sealed in Schlenk tubes, degassed (4 ×  high-vacuum pump/N2 

refill cycles), and left at 20 °C under N2. The polymerization solution was then 

syringed into each Schlenk tube, adding enough solution to submerge each 

sample completely. The samples remained in the solution for polymerization. 

After polymerization the samples were removed, washed with methanol and 

water, and then dried under a stream of N2.  

2.4. 3 Results and discussions 

In a typical experiment, two ATRP initiators were first immobilized onto cotton 

surfaces by immersing in the initiator solution for certain time followed by 

cleaning. Subsequently, the initiator-immobilized fabrics were immersed in a 

polymerization solution for certain time, resulting in the growth of PNIPAM 

brushes from cotton surfaces. Finally, the samples were washed with methanol 

and water several times and dried under N2.  
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After the step of “immobilization of ATRP initiator”, both of the two fabrics 

grafted with different initiators were investigated in the same testing condition, 

including the polymerization. 

XPS analysis of initiator grafting 

Upon confirmation of the successful modification with the synthetic initiator by 

X-ray photoelectron spectroscopy (XPS), ellipsometry, and water contact angle 

measurements. After grafting initiator, the surface contact angle increase from 0 

oC to 25 oC and shows more hydrophobic. The Br element can be detected by 

XPS survey which attributes to the active Br in the initiator. (Figurer 2.2) 

Name  

Start 

BE 

Peak 

BE 

End 

BE 

C1s 291.95 284.82 281.3 

O1s 537.8 532.27 528.7 

Si2p 107.05 102.31 98.3 

Br3d 75.3 70.61 66.85 
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Figure 2.2 XPS survey spectra of initiator modified specimens 

 
Figure 2.3 Chemical structure of natural cellulose fibres. 

The carbon-oxygen bonds are formed by trichlorosilane reacts with the hydroxyl 

groups directly. After analyzed the structure of cotton fiber, we can find there are 

different stereochemical hydroxyl groups on cellulose unit structure. From the 

reference, the OH groups on C2 or C3 site will be more exposed on the 

sterechemical structure. It can be inferred that the polymer brushes will 

mainly grafted on this site. 

Surface Morphology 
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The surface of the modified cotton fabric structure was studied using the JSM-6335F 

(JEOL, Japan) Scanning Electron Microscope (SEM). The original cotton fibre 

surface and the cotton surface with the coverage of polymer brush with two different 

initiators are demonstrated respectively in Figure 2.4. From Figure 2.4a, it is 

surveyed that there are many gullies on the surface of original cotton fibre, which is 

the character of the natural cotton fibre. After modification of polymer brush, fibre 

surface becomes smoother in both Figures 2.4b and 2.4c. It is due to the polymer 

brushes which were stretched out from the surface and flatten the gullies.  
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Figure 2.4 SEM analysis of cotton fibres. Original cotton fibres before (a) and after 

the grafting of polymer brushes: (b) initiated by trichlorosilane functionalized 

initiator, (c) initiatedby 2-bromoisobutyryl bromide. 
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Compared the SEM observation from Figure 2.3 b and 2.3 c, it can be find there 

are some area on cotton surface which is not cover by polymer and the original 

cotton surface could be recognized. And the SEM results in Figure 2.3 c, it 

demonstrate that morphology of the polymer brushes grafted cotton surface are 

smooth, and negligible difference was observed, which are different by contrast 

with pure cotton. This is a visual evidence that designed trichlorosilane initiator 

could lead to better grafting density. 

Graft Density of Two Fabrics Treated With Different Initiators 

It is recognized that graft density identification is very hard to achieved, even 

more difficult to the fibre surface. But graft density of initiator or polymer 

brushes is very important to evaluate the fastness of different initiators. In this 

study, the increase of mass was indicated the graft density of polymer brushes. 

Meanwhile, the graft copolymerization onto cotton has been studied at different 

concentrations of initiators from 1mmol/L to 8mmol/L. Comparing with the 

cotton fabric treated with 2-bromoisobutyryl bromide, the sample grafted with 

trichlorosilane functionalized initiator has much higher increase of mass, 

indicating the higher graft density of polymer brushes. This is because both the 

trichlorosilane and acyl bromide chemical groups can reacted with the hydroxide 

on the cotton surface, but additionally, the remainder trichlorosilane cross linked 

on the surface so as to enhance the graft-density of polymer brushes in the 

subsequent ATRP polymerization.  

Expectedly, the graft densities of both fabrics rise with the increase of the 

concentration of initiator and go up slightly after the concentration higher than 
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the 5mmol/L. 
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Figure 2.5 The graft density of two fabrics treated with different initiators 

2.5 Summary 

In this Chapter, to achieve objective 1, trichlorosilane functionalized initiator for 

fabrics substrate was designed and synthesized. Active single molecular layer is 

fabricated on fibre surface. PNIPAM polymer brushes as demonstration to test 

the activity of designed initiator, which is compared with commercial 

2-bromoisobutyryl bromide. It is proved that polymer brushes could be prepared 

by combining this designed initiators and the controlled living polymerization 

on the fabrics’ surface. The influence on two kinds of initiators for controlled 

growth of polymer brushes on the cotton fabrics is investigated and the designed 

trichlorosilane functionalized initiator show advanced compared with 

commercial 2-bromoisobutyryl bromide. The effect of the concentration of 
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initiators was also investigated systematically, and could find an almost 

ascending trend of grafting density of polymer brushed according the growth 

rate of initiator concentration. This study aids our understanding of 

surface-initiated polymer brushes. It will in the future allow more control over 

brush density, which is a significant factor in the construction of active interface 

with controlled properties. 
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CHAPTER 3. TEMPERATURE RESPONSIVE POLYMER BRUSHES 

AND THEIR APPLICATION ON THERMAL REGULATION TEXTILE 

3.1 Introduction 

To achieve Objective 2, in this chapter, how to construct active polymeric 

interface on fiber surface is studied systematically. A typical temperature 

responsive polymer brushes are grafted from activated single molecular layer 

(described in chapter2) on fibres by the surface-initiated atom transfer radical 

polymerization (SI-ATRP).   

As we know principal purpose of clothing is to protect our human body and 

improve in comfort.(Hertleer, Rogier, Vallozzi, & Van Langenhove, 2009) In 

cold climates, ideal clothing should provide thermal insulation properties, while 

in hot climates their protections from sunburn damage and wicking perspiration 

are commonly more important. To find the fabrics materials with properties of 

moisture management and smart thermoregulation is significant not only in the 

daily clothing and sportswear(Supuren, Oglakcioglu, Ozdil, & Marmarali, 2011), 

but also in clinical implications(Dowsett, 2011),wound healingand tissue 

engineering(Leung, Hartwell, Yang, Ghahary, & Ko, 2011),dermatology(Ricci 

et al., 2004), and so on. 

An individual feel their thermal and moisture situations, both internal and 

external, which are indispensable to body temperature regulation and thereby to 

personal survival. Comfortable clothing should allow moisture and thermal in 
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the form of sensible and insensible perspiration to be transmitted from the body 

to the environment in order to regulate the thermal insulation of the fabric 

caused by moisture build-up.(J. Hu, Li, Yeung, Wong, & Xu, 2005)When the 

environment temperature is much lower than the body, the main role of the 

fabric is to keep body warm and to avoid the perspiration evaporated from 

the body. So cotton fabric is the main popular underwear materials with higher 

moisture regain to keep body warm. In the other hand, when the environment 

temperature is higher than body, sensible perspiration will drip off the skin 

rather than evaporate, to exert a cooling effect on the body and fabric surface 

properties will influence the sticky perception during the insensible. The face of 

fabrics which is in contact with human body should be dry, so the perspiration 

could be expelled from the fabric quickly during contact and more sweat must 

be evaporated from the body surface, to avoid rise in core temperature and 

injuries to the body.  In this mean synthetic fibres show their advantage on dry 

fit function especially in the sportswear.(Yao, Li, Hu, Kwok, & Yeung, 2006) 

But thus far, there are no reported responsive fabric materials which have 

interfacial properties with perspiration with the environmental temperature 

change, to adjust the comfort of textiles intelligently and smartly. Thermal 

responsive polymers are type of smart polymer undergoes physical change 

response to the external temperature stimuli. The polymer chains show 

dynamical balance between hydrophilic phase behaviors to hydrophobic phase, 

with the hydrogen bond interact with water and amidogen in polymer 

chain.(Gan, Guan, & Zhang, 2010) Thermal responsive polymers usually have a 

lower critical solution temperature (LCST) around which the polymer line 
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convert between hydrophobic to hydrophilic, and the strengths to change the 

LCST mainly achieved through chemical modifications and addition of 

hydrophobic branches (Nash, Healy, Carroll, Elvira, & Rochev, 2012; Xue, Choi, 

Choi, Braun, & Leckband, 2012). 

To address the above objective, herein, this chapter presents a facile and 

efficient strategy for grafting the thermal responsive polymer on the surface of 

cotton to form smart surfaces/interfaces. Poly (N-isopropylacrylamide) 

(PNIPAAm) is chosen because its LCST (32oC) approaches to skin 

temperature of human beings, and have been extensively studied as controlled 

drug delivery systems, bio-conjugation, tissue engineering, biosensors and 

nano-lithography.(X. Liu, Y. Li, & Z. Zheng, 2010; X. Liu, Zhou, Li, & Zheng, 

2012; Nash et al., 2012; X. Zhou, Liu, Xie, Liu, & Zheng, 2012) This chapter 

aims to complete the objective 2 to design and synthesis of thermal responsive 

PNIPAAm brushes on fabrics by surface-initiated atomic transfer radical 

polymerization (SI-ATRP). The thermal responsive performances of the 

modified fabrics are investigated by moisture regain, hygroscopicity, surface 

contact angle and thermoregulation below/above LCST, responsively. 

3.2 Materials and Methodology 

3.2.1 Materials 

Cotton fabrics used in the experiments were pretreated by singeing, desizing, 

scouring, bleaching and mercerizing. Subsequently, they were cleaned with 

water, ethanol, and toluene to remove any possible impurities before use, and 

finally dried at room temperature and cured at 105 oC for 24 h in an oven. 
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N-Isopropylacrylamide (NIPAM), N,N,N,N,N-pentamethyl diethylenetrimine 

(PMDETA), copper(I) bromide (CuBr), and methanol were bought from 

Sigma-Aldrich. NIPAM was recrystallized in n-hexane to remove the inhibitors. 

CuBr was purified by stirring in glacial acetic acid for 5 h, was washed with 

absolute ethanol and anhydrous diethyl ether, was dried under vacuum for 12 h 

at room temperature, and was stored under dry nitrogen. The monomer was used 

as received. Silane initiator was synthesized as described in Chapter 2. 

3.2.1 Surface Grafting Initiator Monolayer. 

The purified cotton fabrics bearing SAMs of were placed in dried toluene that 

contained triethyamine (2%, w/v). Then, the surface initiator, silane initiator was 

added dropwise. The mixture was left at room temperature for 12 h. Finally, the 

modified cotton fabrics were cleaned with acetone and toluene and were dried 

under a nitrogen flow.  

3.2.2 Fabrication of PNIPAM Brushes.  

Preparation of PNIPAM brushes was achieved by immersing the substrates with 

the initiator grafted cotton fabrics into mixed solution. For mixed solution, a 3.9 

M NIPAM solution, NIPAM (3.79 g, 33 mmol) was dissolved in a 7:3 mixture 

of MeOH/H2O (3.75 mL) and subjected to three freeze-pump-thaw cycles. 

Inside a glove box, CuBr (48 mg, 0.33 mmol) and PMDETA (0.174 g, 210 µL, 

1.0 mmol) were weighed into a jar with screw-top lid, dissolved in the 

MeOH/H2O mixture containing NIPAM. The polymerization was allowed to 

proceed for 30 min at room temperature, after which the substrates were 
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removed from the reaction flask and were then rinsed with MeOH and H2O and 

dried under a stream of nitrogen. 

Grafting PNIPAM polymer brushes on Polypropylene (PP) fabrics is achieved 

by plasma assistant surface hydroxyl group’s generation. The cleaned PP fabrics 

were treated via low temperature plasma and the hydroxyl group formed on the 

surface of fibres. The following grafting initiator and SI-ATRP process are as 

same as cotton fabrics. 

 

Figure 3.1 Schematic illustration of the process of grafting PNIPAM brushes on 

cotton 

3.2.3 Moisture Regain and Hygroscopicity Measurements.  

All the samples, including cotton fabrics and PP fabrics, were conditioned at 20 ± 

1°C &95 ± 2° RH and 40 ± 1°C &95 ± 2° RH for 8 hours respectively before the 

mass measurement. The samples should be pre-treated in the oven at 105 ± 2°C for 
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a period of 12 hours according to ASTM D 2495-01: Standard Test Method for 

Moisture in Cotton by Oven-Drying.  

3.3 Results and Discussions 

The procedure of grafting and the chemicals structure of initiator and PNIPAM 

are schematically illustrated in Figure 3.1. Scanning electron microscopy (SEM) 

shows typical trench morphology on the surfaces of raw cotton fibres, and the 

same on the cotton fibres modified by initiators, whereas much smoother 

morphology is observed on the PNIPAM grafted ones. Compelling evidence for 

the growth of the polymer brushes is demonstrated by the attenuated total 

reflectance infrared (FTIR) analysis (Figure 3.2). From figure 3.2 it can be easily 

find the difference before polymer brushes grafting and after grafting. The new 

peaks in the modified samples can be attribute to the characteristic of PNIPAM: 

1640 cm−1 can attribute to primary amide –C=O stretching cm−1, and 1540 

cm−1can attribute to secondary amide –N–H stretching.  
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Figure 3.2 The FT-IR analysis of the PNIPAM brushes grafted cotton and the 

control. 
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Figure 3.3  SEM morphological investigation on the surfaces of cotton. 

Raw cotton fibres (Figure 3.3c ), and the same on the cotton fibres modified by 

initiators(Figure 3.3b ), whereas much smoother morphology is observed on the 

PNIPAM grafted ones(Figure 3.3a). 
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To investigate the transmission properties of the two forms of perspiration 

(water vapour and liquids water), moisture regain and hygroscopicity of the 

fabrics are tested. Under the insensible perspiration, the dampness of fabric skin 

touch is predicable by moisture regain, which permeability determines 

breathability of the clothing materials. It is the percentage of moisture that 

clothing materials will absorb from the ambient environment. Fabrics materials 

with higher moisture regain, such as cotton, wool and silk are comfortable, 

warm and resistant to static buildup.  

 

Figure 3.4 Moisture regain of PNIPAM polymer brushes grafted on cotton 

fabrics and control at 40oC and 25oC 
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Figure 3.5 Moisture regain of the modified cotton fabrics during 10 temperature 

switch cycles 

The moisture regains of PNIPAM grafted on cotton and control at 25 oC and 40 

oC have been shown in Figure 3.4 and 3.5. It has been observed that at 25 oC 

(lower than LCST), the moisture regain substantially increase about 30% after 

grafting PNIPAM brushes. With the temperature increasing to 40oC (higher than 

LCST), the moisture regain of modified cotton declined rapidly compared with 

that at 25oC, even much lower than the unmodified cotton. In the other hand, the 

moisture regain of control cotton fabrics increases lightly because the increasing 

temperature accelerate the diffusion process of water molecule in the inner of 

cotton fibres. 

When the atmosphere temperature is 25 oC, the moisture regain of PNIPAM 

modified cotton is higher than the unmodified one. It can be attributed to the 

hydrophilic property of the PNIPAM line under the LCST, while the exposed 
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acidamide groups can interact with water molecule by formation of hydrogen 

bonds. Additionally, there are more repeat functional hydrophilic units on one 

polymer brushes compared with the unmodified cotton. The water vapors 

permeate to the internal structure of cotton fibre through the promotion of 

hydrophilic PNIPAM brushes as interfacial bridge. Once ambient temperature 

increase above the LCST of PNIPAM brushes, acidamide groups are interiorly 

reversed to the inner of the polymer brushes and the interfacial property is 

hydrophobic. Meanwhile the hydroxyl groups on the surface of cotton fibre are 

replaced leading to the water molecular could hardly incorporate with the 

chemicals groups on the surface of cotton, to restraint the permeating into inner 

of fibre. This translation from hydrophobic to hydrophilic, play a role as 

functional “sudoriferous pore”, which can control the water absorption from the 

atmosphere to the cotton fibres with change of temperature. Supporting 

experiments are conducted to confirm this deduction. PNIPAM brushes are 

grafted on the polypropylene fabrics surface whose moisture regain is 160 time 

lower than cotton. As it turn out that the grafted PNIPAM brushes has limited 

affection on the water absorption of PP fabrics and the water could hardly 

permeate to the inner of the PP fabrics. Consequently, the PNIPAM brushes play 

a role as sudoriferous pore to control the absorption of water: When temperature 

is higher than LCST, as well the moisture fills up in the inter-fibre and 

inter-yarn cellulose of the cotton. Conversely, the water molecules are hardly 

absorbed by the cotton fabrics when the temperature is lower than LCST. The 

observed phenomena are attributed to control responsive of the grafting polymer 

brushes, which acts as smart interface to moisture management and water 

vapour permeability regulation.  
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In warm climates, or when exercise levels are high, the sensible perspiration (in 

liquid form) becomes the main means of metabolic heat loss to keep body safety. 

The ability of the liquid sweat transferred from next-to-skin to the outer surface 

to keep the skin dry is the main factor in comfort. As shown in Figure 3.6, the 

hygroscopicity of PNIPAM modified cotton fabrics and unmodified ones were 

investigated at 25 oC and 40 oC, respectively. The experimentation is test in a 

normative laboratory with the controllable equipment of temperature and 

humidity. The polymer brushes grafted cotton and control cotton were firstly 

dried at 105 oC for 24 h in an oven. And the samples were moved to the constant 

temperature devices. Then one drop of certain weight (0.5g) water was drop on 

the surface of testing fabrics. The water moistened the cotton and the weight of 

wet cotton was measured using analytical balance in the constant temperature 

devices and the data was acquired every five minutes until no weight decrease. 

The two different test conditions are 25oC, relative humidity 95% and 40 oC, 

relative humidity 95%. 
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Figure 3.6 Hygroscopicity of PNIPAM polymer brushes grafted on cotton fabrics 

and control at 40oC and 25oC. 

Compared with the unmodified cotton fabric, the hygroscopicity witnessed 

tremendous difference in the samples modified by PNIPAM brushes. While the 

temperature is 25oC, the hygroscopic performance about PNIPAM brushes 

modified cotton is much higher than the pure cotton fabrics. However, for the 

40oC ambient temperature, there was an obvious conversion, and the 

hygroscopic performance about PNIPAM brushes grafted cotton fabrics is much 

less than cotton fabrics.  

 

Figure 3.7 Wash fastness properties of modified functional fabrics 

Contact angle of the textile indicated wettability of the textile material in air, 

which is critical to comfort of undergarment. The water contact angles of the 

modified cotton fibres are measured at 25 and 40 °C respectively. As plotted in 

Figure 3.7, a significant difference (7°–8°) was detected among the two different 

temperatures. The change on contact angle after depending on the different 
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temperatures was attributed to the PNIPAM polymer brushes surface exhibited 

reversible switching between hydrophobic and hydrophilic. Lower than LCST, 

the amide group on the polymer brushes bonded water molecules through 

hydrogen bonding to form an interfacial expanded structure (Figure 3.8). On the 

contrary, higher than the LCST, the formed hydrogen bonds break and the 

polymer brushes expel water. 

 

 

Figure 3.8 Mechanism of surface contact angle change. 

To measure the thermoregulation capabilities of the PNIPAM modified fabrics 

wearing on humans’ body, IR camera was used to investigate the body surface 

temperature to show the variation in temperature. A wearable glove grafting by 

the PNIPAM brushes was worn on a human hand and an unmodified one was 

worn as contrast on the other hand. Experiments were carried out in a climate 

chamber, and two different temperatures, 25°C and 40 °C, were controlled 

accurately. 

When the temperature in chamber is 25 °C, after 15 minutes wearing, the 

surface temperature of the PNIPAM modified gloves was increased by around 2 
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°C compared to the unmodified one(Figure 3.9). After the temperature change to 

40°C, the glove modified by PNIPAM show lower temperature caused by 

deriving perspiration from the skin(Figure 3.10). This cooling property of 

PNIPAM brushes results are similar to the results of W. J. Stark(Rotzetter et al., 

2012) on the cool buildings and observed temperature reduction was attractive.  

 

 

Figure 3.9.Infrared camera images of the PNIPAM grafted glove (left hand) and 

unmodified glove (right hand) in original stage and after worn 15mins. Two 

ambient temperature in chamber, 25°C (a) and 40°C(b) are controlled.  

From the IR pictures itcan summarize the modified glove show heat retaining 

property in lower temperature, and show cooling property in the higher 
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temperature on the contrary. While the temperature of ambient environment is 

25°C, combine with the moisture regain result, higher moisture regain lead to 

higher thermal preservation. When the temperature is 40°C, sensible 

perspiration will drip off the skin to exert a cooling effect on the body. The 

modified fabrics with superior hygroscopicity and dry fit function will benefit to 

cooling the body’s temperature to avoid rise in core temperature and injuries to 

the body. 

 

Figure 3.10 Schematic of thermoregulation and moisture management processes 

3.4 Summarizes 

In this Chapter, to achieve objective 2, thermal-responsive polymers are grafting 

on cotton fibre by the surface initiated polymerization, and moisture 

management and thermoregulation are investigated. PNIPAM brush is selected 

since its lower critical solution temperature is similar to the body’s temperature. 
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The grafted polymer brushes which can responsively and reversibly control the 

wettability and hygroscopicity of cotton, meanwhile the smart surface can 

switch from high water absorptive state below the lower critical solution 

temperature (LCST, 31~35 °C) to low absorptive state above its LCST. 

Moreover, the results obtained show that cotton modifying responsive polymer 

brushes system with smart moisture management, smart thermoregulation and 

latent heat dissemination has promising uses in smart underwear, medical fabrics 

with controllable drug release, sportswear, medical fabrics in dermatology, 

wound healing, and so on. 
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CHAPTER 4. POLYELECTROLYTE BRUSHES BRIDGED 

METAL-COTTON HIERARCHICAL STRUCTURES FOR 

CONDUCTIVE FABRICS 

4.1 Introduction 

Chapter 4 aims to complete the Objective 3 by fabricating and investigating 

fabricate metal-polymer brushes composite networks on fibre surface connected 

by strong adhesion force. Electrically conductive fabrics/yarns have attracted 

considerable attention due to their desirable properties including high electrical 

conductivity, flexibility, electrostatic discharge, electromagnetic interference 

protection and radio frequency interference protection. The development of 

conductive fibres is also critical for various applications in wearable electronics 

such as wearable displays, solar cells, actuators, data managing devices, and 

biomedical sensors. Conductive fibres directly spun from conductive materials 

including metals, metal oxides, carbon nanotubes (CNTs). Conducting polymers 

were first demonstrated as prototype materials for wearable electronics, yet they 

are expensive and difficult to be produced on a large scale. A more economic 

and productive way of making conductive fibres/yarns is coating conventional 

fibres with a layer of metals, CNTs, graphene or conducting polymers, followed 

by spinning into yarns. This strategy has produced a wide variety of conductive 

yarns from synthetic fibres with conductivity ranging from 1 ×  10−6 to 1 ×  104 

S/cm and desirable mechanical properties. Nevertheless, the production and 

postdisposal processes of synthetic fibres generate environmental pollution, 

which is a major challenge to overcome in the next few decades. First, the raw 

polymers used for spinning into yarns are made through the petrochemical 



81	  
	  

industrial process, from which a large amount of energy is consumed and CO2 is 

released. Second, most synthetic fibres are not naturally degradable. Such “white 

pollution” has been a serious environmental concern for decades. Third, the 

fossil oil resource is not sustainable in the long term. Furthermore, garments 

made of synthetic fibres are not comfortable to wear. As a result, there is an 

increasing interest in making conductive yarns from natural fibres, which are 

sustainable, biodegradable, and zero CO2 emission in the growth/degradation 

cycles. Cotton, cellulose in nature, is the most widely used natural fibre in the 

world. It is low-cost and clean to produce, and has a wide variety of applications 

in textile cloth, upholstery, daily care, and medicine. Garments made up of 

cotton are especially popular because of the comfortability to wear. However, 

cotton fibres coated by conductive materials have not been extensively reported. 

Most of the published work focused on coating conductive polymers including 

polypyrrole (PPy) and polyaniline (PANI) by in-situ solution or vapor phase 

polymerization method. Recently, Knittel and Schollmeyer reported the coating 

of poly(3,4-ethylene dioxythiophene) (PEDOT) . The conductivity of such yarns 

is typically on the order of 1 ×  10−6 to 1 ×  10−3 S/cm, which limits their 

applications in some field such as conductive circuits. Besides, the washability 

of this type of conductive yarns is poor. Washing in water or detergent led to a 

rapid drop in conductivity because the doping level, which is closely relate to 

conductivity, change dramatically in washing. A second candidate of conductive 

coating is CNT because of its high conductivity, strength, and stability. Shim et 

al. recently demonstrated the physical padding of mixture of CNTs and 

polyelectrolyte on cotton yarns. The as-obtained yarns were highly conductive 

and could be used as protein sensor. However, neither the mechanical durability 
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nor washability of the modified yarns was discussed. On the other hand, metal 

coating should be an ideal solution to highly conductive yarns. Metal 

wire-blended cotton yarns are widely regarded as the most adaptable technology. 

Nevertheless, direct sputtering or inking with metal film/ particles on cotton 

results in flaking off of the metal layer. How to modify the cotton surface 

effectively with controllable conductivity and high durability remains a great 

challenge. 

To address the challenge, in this chapter, a novel, facile, and versatile approach 

is adopted to prepare highly durable, electrically conductive cotton yarns by 

electroless deposition (ELD) of metal particles onto cotton yarns modified with 

polyelectrolyte brushes as adhesion layer. Polyelectrolyte brushes are first 

grown on cotton surfaces by surface-initiated atomic transfer radical 

polymerization. Subsequently metal particles are electrolessly deposited onto the 

brush-modified cotton yarns to yield conductive yarns. It is noteworthy that the 

formation of polymer brushes bridged metal-cotton hierarchical structures 

provides robust mechanical and electrical durability under many stretching, 

bending, rubbing, and washing cycles. The conductivity of as-made cotton yarns 

reaches as high as 1 S/cm which makes it possible to be used as electrical 

wires for powering light-emitting diodes (LEDs). With good selection of metal, 

the conductivity is stable in air for 2 months until this moment. In principal, this 

chemical approach can be extended as a general method for fabricating 

conductive yarns and fabrics from all kinds of natural fibres. 
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Figure 4.1 Schematic diagram of manufacturing Metal nanopartiles-polymer 

brushes-fibres hierarchical composites connecting by interfacial force form 

polymer brushes 

4.2. Experiments and Materials 

4.2.1 Materials 

All chemicals were purchased from Aldrich. The inhibitor in the monomers, 

2-(methacryloyloxy)ethyl-trimethylammonium chloride (METAC) was removed 

by elution through a neutral alumina plug before use, and purity checked by 

spotting capillary and chromatography plate.The initiator for ATRP, 

3-(trichlorosilyl) propyl2-bromo-2-methylpropanoate, was described in Chapter 

2. Cotton yarns and fabric used in the experiments were both pretreated by 

singeing, desizing, scouring, bleaching, and mercerizing. After that, they were 

cleaned with water, ethanol, and toluene to remove any possible impurities. All 
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cotton yarns and fabrics were dried at room temperature and cured at 105 °C for 

24 h before use.  

4.2.2 Immobilization of ATRP Initiator 

Cotton substrates were first immersed in an anhydrous toluene solution 

containing 5 mM 3-(trichlorosilyl) propyl 2-bromo-2-methylpropanoate (ATRP 

initiator), allowing the hydroxyl groups of cellulose to react with the silane 

molecules through a condensation reaction. The cotton yarns were then rinsed 

several times with fresh anhydrous toluene and dichloromethane to remove the 

excess physisorbed initiator and byproduct molecules, followed by drying in a 

vacuum at 50 °C for 2 h. 

4.2.3 Surface-Initiated ATRP 

For the preparation of the polymerization solution, commercially available 9.2 g 

of 2-(methacryloyloxy)ethyl-trimethylammonium chloride (METAC) was 

dissolved in 10 mL of MeOH at 20 °C and degassed by passing a continuous 

stream of dry N2 to the solution under constant stirring (20 min). 2,2-Dipyridyl 

(0.48 g), Cu(I)Br (0.12 g), and Cu(II)Br2 (0.019 g) were added to above solution. 

The mixture was then further stirred and degassed for another 15 min. 

Initiator-modified substrates were sealed in Schlenk tubes, degassed (4 × 

high-vacuum pump/N2 refill cycles), and left at 20 °C under N2. The 

polymerization solution was then syringed into each Schlenk tube, adding 

enough solution to submerge each sample completely. The samples remained in 

the solution for polymerization. After polymerization the samples were removed, 

washed with methanol and water, and then dried under N2 flow. 
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4.2.4 Electroless Deposition 

The Cu electroless plating was performed in plating bath containing 1:1 mixture 

of freshly prepared solutions A and B. Solution A consists of 12 g/L NaOH, 13 

g/L CuSO4·5H2O, and 29 g/L KNaC4H4O6·4H2O. Solution B is 9.5 mL/L 

HCHO in water. The electroless plating of Ni was performed in the following 

steps, in the plating bath consisting of 40 g/L nickel sulfate hexahydrate, 20 g/L 

sodium citrate, 10 g/L lactic acid, and 1 g/L dimethylamineborane (DMAB) in 

water. A nickel stock solution of all components except the DMAB reductant 

was prepared in advance. A DMAB aqueous solution was prepared separately. 

The stock solutions were prepared for a 4:1 volumetric proportion of 

nickel-to-reductant stocks in the final electroless bath. After mixing, the pH of 

the solution was adjusted to 8 by ammonia. 

4.2.5 Conductivity Test 

Electrical conductivity of the copper-coated cotton yarns was measured by a 

two-probe method with a Keithley 2010 Multimeter. The load and deformation 

were recorded using an Instron mechanical testing system (Model 5566). The 

distance of the testing probes was 3.5 cm. For cyclic tension, specimens were 

repeatedly stretched and recovered in 30 cycles with a maximum extension up to 

the strain of 50%. Each cycle takes about 20 s. At least five specimens from 

each sample were tested and an average value was taken. All tests were carried 

out at 20 °C and 65% RH. 

4.3 Results and Discussion 
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4.3.1 Synthesis of Polymer Brushes 

As a proof-of-concept, poly [2-(methacryloyloxy)ethyl-trimethyl -ammonium 

chloride] (PMETAC) brushes were synthesized from cotton yarns by 

water-mediated surface-initiated ATRP, which provides high polymerization 

speed and good control over brush thickness, uniformity, and density. The 

ATRP method is also recognized as a green chemical approach for polymer 

synthesis. The procedure is schematically illustrated in Figure 4.1. In a typical 

experiment, first the ATRP initiator was immobilized onto cotton surfaces by 

immersing in the initiator solution for 10 h followed by cleaning. Subsequently, 

the initiator immobilized yarns were immersed in a polymerization solution for 

10 h at 60 °C, resulting in the growth of PMETAC brushes from cotton surfaces. 

Finally, the sample was washed with methanol and water several times and dried 

under N2. Fourier transform infrared spectroscopy (FTIR) confirmed the success 

of the grafting process (Figure 4.2A). The strengthened peak at 1730 cm−1 and 

the new peak at 876 cm−1 are attributed to the carbonyl groups and quaternary 

ammoniums groups (QA+) of PMETAC, respectively. The peaks at 2851, 2918, 

and 2963 cm−1 are attributed to three different C−H stretching states. 
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Figure 4.2 FTIR spectrum and surface morphology of PMETAC brushes 

modified cotton  

(A) FTIR spectrum of PMETAC brushes modified cotton (black) and control 

cotton (red). SEM images of (B) raw cotton fibres and (C) PMETAC modified 

cotton fibres in cotton. 

The PMETAC grafted cotton yarns were immersed into a 5 mM (NH4)2PdCl4 

aqueous solution (pH 1) for 15 min, where PdCl4
2− moieties were immobilized 

onto the brushes by ion exchange because of their high affinity to QA+ (Figure 

4.1). The palladium moieties act as effective catalytical sides for ELD of Cu and 

other metals. After rinsing with 4 ×  200 mL deionized water, the yarns were 
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finally coated with a layer of Cu particles by immersing in a house-made ELD 

plating bath, followed by water rinsing and blown dry. Typically, longer plating 

results in heavier yarns, with a saturation plateau occurring at 60 min. This 

can be attributed to the increasing amount of plated metal. As shown in Figure 

4.4, the ELD reaction is followed by SEM and energy-dispersive X-ray 

spectroscopy (EDX). For 5 s immersion, the cotton yarns turned black, from 

which palladium was detected by EDX and only a trace of copper signal was 

observed. As time went, the yarns turned brown.  

 

Cu particles with diameters of 130 ± 20 nm were observed after immersing for 1 

min (Figure 4.3). The ratio of Cu to Pd signal in EDX increases dramatically. 

No obvious change in size of the particles was observed at increasing deposition 

time, yet the thickness of the copper layer increased. After 30 min immersion, 

the thickness of the copper layer grew to more than 1 µm, and the weight of the 

cotton yarns increased -2 fold (Figure 4.3A). No Cu was observed without the 

immobilization of PdCl4
2−. 

SEM images of the cross-section morphologies of PMETAC modified cotton 

fibre that is immersed in ELD plating bath for (B) 0 s, (C) 1 min, (D) 10 min, 

and (E) 30 min. The inset in C shows the corresponding surface topographic 

SEM image, showing that the surface of the cotton fibre is covered by dense Cu 

particles. 
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Figure 4.3 Weight increase of cotton yarn at different ELD plating time and 

SEM observation.  
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Figure 4.4 EDX spectrum of Cu-plated conductive cotton yarn prepared with 

(upper) 5 sec and (bottom)10 min immersion in electroless plating bath. 

4.3.2 Conductivity and Mechanical Durability 

Bare cotton is well-known to be insulated. In contrast, the as-made Cu-coated 

cotton yarns are electrically conductive. The conductivity of the yarns increases 

with increasing ELD time (and thus increasing amount of plated Cu particles), 

reaching as high as 1 S/cm at 60 min. 
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The key feature herein is that PMETAC brushes bridged Cu/cotton hierarchical 

structures offer unique electrical stability under multiple bending, stretching, 

rubbing, and even washing cycles. One critical challenge of conductive yarns is 

the durability under multiple bending and stretching cycles. To investigate that, 

electrical conductivity measurement was first performed while stretching and 

relaxing the conductive cotton yarns (30 min plating) in a controlled manner. 

Interestingly, the conductive yarns exhibit higher conductivity (0.28 S/cm) when 

straightly stretched (2.2 N), and lower conductivity (0.04 S/cm) when the stress 

is released. This process is fully reversible after 30 cycles (Figure 4.5 A, 

showing 10 cycles) and the conductivity of the stretching/relaxing state remains 

unchanged. When the yarn is bent under stress, e.g., wrapped and stretched 

around a pen, the conductivity is similar to that of its straightly stretched state. 

These results can be explained by the fact that the fibres making up the yarn 

have loose contact while the yarn is relaxed. When the yarn is stretched, the 

fibres pack more closely and therefore the conductivity of the yarn increases 

(40). No cracks in the copper layer were found by SEM after this 30-cycle 

experiment. The robustness of the conductive yarns by running through the 

washing cycles was further challenged. For proof-of-concept purpose, simple 

hand washing and squeeze-drying were used, during which the yarns were also 

exposed to extensive rubbing. Finally the yarns are fully dried by blowing with 

N2 gas. No obvious degradation of the conductivity was observed after 5 

washing and drying cycles (Figure 4.5B). Again, the morphology of the copper 

coating shows no evidence of cracking under SEM. It should be noted that the 

development of adhesion between metals and substrates has been a major issue 

in the industry for decades. Direct coating of cotton fibres/yarns with metals 
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typically resulted in flaking off at bending and rubbing, and cannot withstand 

washing tests. 

 

Figure 4.5 Conductivity test of the conductive cotton yarn. 

(A) Conductivity test of the conductive cotton yarn (30 min plating) under 

repeatable stretching and relaxing cycles. The upper part shows the conductivity 

readout, whereas the bottom part shows the loading readout. The conductivity of 

the conductive cotton yarn increases when the applied load is increase. (B) 

Washability test of the conductive cotton yarns (60 min plating). The 

conductivity maintains constant after 5 washing cycles. 

 

Then the yarn’s breaking strength and extension were measured. The breaking 

strength and extension of the Cu-plated conductive yarns are 6.4 N and 9.1%, 

respectively, slightly lower than those of the unmodified cotton yarns (7.2 N and 

10%, Figure 4.6). This phenomenon may arise mainly from the initiation 
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procedure, in which HCl is produced. Such acidic moieties are known to 

degrade cellulose and influence cotton strength. To verify that, the mechanical 

properties of initiator modified cotton yarns were measured. Indeed, the 

breaking strength and extension drop by 20%, being 5.8 N and 8.3%, 

respectively. The polymer brushes bridged copper/cotton hierarchical structures 

seem to provide extra strength and extensibility to the fibre. 

 

Figure 4.6 Tensile strength measurement of unmodified (red), initiator-coated 

(green), and Cu-plated (black) cotton yarns stability in air. 
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Figure 4.7 (A) Conductivity aging test of Cu-plated cotton yarns. (B) XRD 

spectrum of Cu-plated cotton yarns stored in air for 2 days. 

Currently, slow decrease in conductivity of the Cu-plated yarns can be observed 

when the sample is placed in air (Figure 4.7A). The conductivity decreased to 

10% (0.08 S/cm) of its original value (0.8 S/cm) after the sample was stored in 

air for 7 days. X-ray diffraction measurement reveals oxidation of the Cu layer 

(Figure 4.7 B). The 2θ peaks at 44.3, 51.4, and 75.4 degrees correspond to the 

(111), (200), and (220) crystal plane of Cu, respectively. The peaks at 35.2 and 

38.9° corresponds to copper oxide and cuprous oxide, respectively. This 

instability may be solved by capping the metal by self-assembly, 
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electrochemical deposition, or physical encapsulation that has been developed 

by the electronic industry. 

4.4. Ni-Plated Conductive Cotton 

An alternative method to increase air stability of conductive yarns is to deposit 

other air stable conductive metal. As proof-of-concept, this section demonstrate 

here using Ni. Instead of Cu, Ni particles were deposited onto PMETAC brush 

modified cotton by ELD. SEM images show that the cotton surfaces are densely 

covered with aggregates of Ni nanoparticles (Figure 4.7A, B). The as-made 

Ni-plated cotton yarns are electrically conductive with good air stability. The 

measured conductivity was 0.3 S/cm (freshly made conductive yarn after 2 h 

ELD plating) and remained constant in air for 2 months until this moment. the 

same conductivity measurement under mechanical stretching/relaxing cycles to 

the Ni-plated cotton yarns were performed. Again, the yarns exhibited higher 

conductivity (0.31 S/cm) at stretching state and lower conductivity (0.22 S/cm) 

at relaxing state reversibly. No apparent decrease in the conductive performance 

was observed under a simple mechanical or washing test. 
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Figure 4.8 SEM images of Ni-plated cotton yarns by ELD and conductivity test. 

(A, B) SEM images of Ni-plated cotton yarns by ELD. The PMETAC 

brush-modified cotton yarns were placed in a Ni plating bath for 2 h. (C) 

Conductivity test of Ni-plated cotton yarn under repeatable stretching/relaxing 

cycles. 
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Because of the high conductivity and robustness, the as-made conductive cotton 

yarns (both Cu- and Ni-plated) can be used as conductive wires in electronic 

circuits. As a proof-of-concept, a simple circuit by bridging a 9 V battery and 

one electrical contact of a blue LED with conductive yarn was constructed 

(Figure 4.8 A). When the other contact between the LED and the battery was 

made, the LED turned on immediately and illuminated for more than 5 min until 

disconnected the contact. The LED can be repeatingly switched ON and OFF by 

connecting and disconnecting the contact without loss of fidelity (see Movie 2 in 

the Supporting Information). 

 

Figure 4.9 Digital images of electronic circuits.  

(A) Conductive yarn or (B) fabric is used as electrical wire or substrate for 

powering a blue LED. The yarn or fabric was placed in contact with the battery 

and LED without using extra conductive glue or paste. 

This chemical route can be easily extended to making conductive cotton fabrics. 

For simple proof-of-concept purpose, a piece of Cu-plated cotton fabric 
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following the same chemical procedures was shown in Figure 4.9. The fabric 

surfaces show similar Cu coating to that of Cu-plated cotton yarns (not shown). 

As shown in Figure 4.9, a LED can be illuminated by using a 9 V battery and 

this fabric as conductive substrate. 

4.5 Summarizes 

In conclusion, to match objective 3, in this chapter, ion responsive PMETAC 

brushes are first grown from cotton surfaces by surface-initiated ATRP. Base on 

the fabricated active interface, a novel, facile, and versatile approach for 

preparing electrically conductive cotton yarns/fabrics is demonstrated. 

Subsequent ELD of metal particles onto PMETAC-modified cotton forms 

polymer-bridged metal/cotton hierarchical structures, which result in the 

formation of conductive cotton yarns. These conductive yarns are highly durable 

because (1) the polymer brushes served as a strong adhesion layer leading to 

excellent mechanical and electrical stability under extensive rubbing, bending, 

stretching, and washing; and (2) the conductivity can remain stable in air with 

proper choice of metal. Such conductive cotton yarns can be used as electrical 

functional wires in electronic circuits of powering a LED. In principle, this 

approach can be extended to the coating of metals on all natural fibres, yarns, or 

fabrics. The use of natural fibres for making conductive yarns are more 

environmentally friendly compared with those made of synthetic fibres. Such 

conductive articles should find a wide variety of applications in wearable and 

flexible electronics, radiation and electromagnet protection, energy, and 

biomedical industries. 
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CHAPTER 5. POLYELECTROLYTE BRUSHES ON 

POLY(ETHYLENE TEREPHTHALATE) AS PLATFORM FOR 

METALS ELECTROLESS PLATING AND SURFACE LITHOGRAPHY 

To extend the objective 3, the metal-polymer brush composite grafted on PET 

fibre/film surface, and metallic conductive pattern by various surface 

lithography method have been studied in this chapter. In Chapter 4, copper and 

nickel metal nanoparticles could deposit on the surface of fabrics, and these 

fabrics could be used as conductive fabrics and yarns, with good washability and 

durability. Importantly, coated metal is flexible, and can become foldable and 

stretchable while it is designed properly to out-of-plane buckles, in-plane 

waves/nets, or percolated films.(Lacour, Jones, Wagner, Li, & Suo, 2005; Loher 

et al., 2009; Robinson, Minev, Graz, & Lacour, 2011; J. A. Rogers, T. Someya, 

& Y. Huang, 2010; Siegel et al., 2010; Someya et al., 2005; Xu & Zhu, 2012), to 

a wide variety of new applications including flexible displays and energy storage, 

flexible and conformal antenna arrays, radio-frequency identification tags, smart 

textiles, electronic skins, and biomedical implants and devices.(Carlson, Bowen, 

Huang, Nuzzo, & Rogers, 2012; Cherenack, Zysset, Kinkeldei, Munzenrieder, & 

Troster, 2010; Dinyari, Rim, Huang, Catrysse, & Peumans, 2008; Hung, Jeong, 

Liu, & Lee, 2004; Jeong et al., 2012; D. H. Kim, Ghaffari, Lu, & Rogers, 2012; 

D. H. Kim, Xiao, Song, Huang, & Rogers, 2010; Lipomi, Tee, Vosgueritchian, 

& Bao, 2011; Loher et al., 2009; John A. Rogers et al., 2010; Sekitani & 

Someya, 2010; Sekitani, Zschieschang, Klauk, & Someya, 2010; Tee, Wang, 

Allen, & Bao, 2012) These compliant metal conductors are fabricated by 

conventional resist-based lithographic processes which are expensive, and 

require time-consuming, multiple steps of selective masking, resist patterning, 



100	  
	  

etching, and metal deposition. Additionally, the use of organic solvents in the 

resist-based lithography is not environmental friendly, and is less compatible 

with soft substrates such as plastics and fabrics. To file the research gap, this 

chapter is based on the technology of Chapter 4, to develop a new printing 

strategy, namely Matrix-Assisted Catalytic Printing (MACP), which is 

compatible with various printing techniques including scanning probe printing, 

inkjet printing, and screen printing, for the versatile fabrication of metal patterns 

(Cu, Ag, Ni, Au) with feature sizes spanning from nanometer to meter scales. 

In recent years, rapidly increasing research interest was carried out in printing 

methods that enable the low-cost and simple fabrication of metal conductors. 

The most-reported efforts are printing metal nanoparticles onto polymeric 

substrates, followed by post treatment steps to melt or reduce the ink into 

conductive metal structures.(Ahn et al., 2009; Y. Kim et al., 2012; Moonen, 

Yakimets, & Huskens, 2012; Woo, Bae, Jeong, Kim, & Moon, 2010; Y. L. Wu 

et al., 2005) These methods work well with Au and Ag, which are too expensive 

for most applications. The high annealing temperature required for the melting 

step (~250 ℃) can also damage the polymeric substrate and cause delamination 

of the metal. In an alternative approach, catalysts were printed onto polymeric 

substrates and electroless deposition (ELD) was carried out on the catalyzed area 

to produce metal structures.(Cheng et al., 2005; Hidber, Helbig, Kim, & 

Whitesides, 1996; Lacour et al., 2005; Loher et al., 2009; Su et al., 2011; 

Zabetakis, Loschialpo, Smith, Dinderman, & Dressick, 2009) This process is 

more promising for making low-cost, highly conductive Cu conductors at room 

temperature, which is essential for most electronic applications. However, the 
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catalyst ink was only applicable to inkjet printing because of its low viscosity, 

which greatly limits the fabrication throughput and resolution. To date, it is still 

a great challenge in the research front on how to fabricate high-performance, 

low-cost, and compliant metal conductors at room temperatures using printing 

methods. 

To address the challenge, a new printing strategy, namely Matrix-Assisted 

Catalytic Printing (MACP) was shown here, which is compatible with various 

printing techniques including scanning probe printing, inkjet printing, and 

screen printing, for versatile fabrication of metal patterns (Cu, Ag, Ni, Au) with 

feature sizes spanning from nanometer to meter scales. It is further demonstrated 

that MACP can readily fabricate, at room temperature, low-cost yet highly 

conductive (2.0 x 108S/m) Cu interconnects that are flexible, foldable, and 

stretchable.  

In the MACP strategy, inorganic catalytic salt is printed, with the aid of a 

delivering matrix polymer, onto a substrate modified with a thin layer of 

receiving matrix polymer (Scheme 1). The delivering matrix polymer functions 

as carrier of the catalyst salts as well as thickener to effectively tune the 

viscosity of the ink for different printing methods. On the other hand, the 

receiving matrix polymer functions as immobilization reservoir for the catalyst 

salts.(Azzaroni, Zheng, et al., 2006; Garcia et al., 2011; X. Q. Liu, H. X. Chang, 

et al., 2010; X. Wang, H. Hu, Y. Shen, X. Zhou, & Z. Zheng, 2011)Upon the 

contact between the two matrix polymers after printing, the catalyst salts diffuse 

from the delivering matrix polymer into receiving matrix polymer to form 

catalyst patterns on the substrate. Finally, metal patterns are fabricated by ELD 
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on the catalyst-immobilized areas. 

5.1 Experiment and Methodology 

Materials: Poly(ethylene terephthalate) (PET) films were supplied by DuPont 

Company. Ammonium tetrachloropalladate(II) ((NH4)2PdCl4), 

2-(methacryloyloxy)ethyl-trimethylammonium chloride (METAC) (80 wt.% 

aqueous solution) and all other chemicals were purchased from Sigma–

Aldrich.PET fabrics were commercial textile purchased from markets. Each PET  

 

Figure 5.1 Schematic illustration of surfaceplasma assistant fabricating 

metal/polymer brushes/fibres hierarchical coposites connecting by interfacial 

force form polymer brushes  
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fabrics were cleaned in toluene, ethanol and deionized water for 3 times, 

respectively,. Then the prepared PET fabrics were exposed into UV box for10 

min. 

To graft PMETAC brushes on the surfaces of PET, initial substrates are firstly 

activated by oxygen plasma treatment. The treated PET surface was activated; 

anchoring on it active groups such as hydroxyl, carbonyl, carboxylic, amino 

amines, and the active groups generation could be confirmed by conversion of 

contact angle. The PET surface was modified to provide chemical functionality 

to graft initiator for ATRP, significantly altering from the hydrophobic to 

hydrophilic.  In this articles, the formed chemical groups were anchored the 

initiator and substantial polymer brushes, to greatly enhance adhesive strength 

and permanency of the conductive coating on the PET fabrics as well. 

5.1.1 Immobilization of ATRP Initiator 

Cleaned PET substrate was firstly immersed into mixture containing 5 mM 

3-(trichlorosilyl)propyl 2-bromo-2-methylpropanoate in anhydrous toluene for 1 

h, allowing the active groups initiated by plasma to react with the trichlorosilane 

molecules. Then PET substrate were cleaned by fresh anhydrous toluene and 

anhydrous acetone for several times to remove any physics’ absorbed initiators, 

heated subsequently drying in vacuum at 80 °C consistently for 2 h. Commercial 

METAC monomer was purified by column chromatography to remove 

polymerization inhibitor 
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5.1.2 Surface-Initiated ATRP 

As classical polymerization, 18.4 g of 

2-(methacryloyloxy)ethyl-trimethylammonium chloride (METAC) was 

dissolved in 20 mL of MeOH and degassed by passing a continuous stream of 

pure N2 through the solution while being stirred (20 min). 2,2-Dipyridyl (0.96 g), 

Cu(I)Br (0.24 g), and Cu(II)Br2 (0.038 g) were sequentially added to above 

solution. With a stream of dry N2 , the mixture solution was then stirred 

consistently and degassed for 15 min. Subsequently, initiator modified PET 

substrates were immerged in Schlenk tubes, degassed (4×high-vacuum 

pump/N2 refill cycles), and reacted at 30oC under N2 atmosphere. The mixed 

solution was syringed into each Schlenk tube, adding enough solution to 

submerge each sample completely. The samples were remained in the solution 

for polymerization. After polymerization the samples were removed, washed 

with methanol and water, and then dried under a stream of air. 

5.1.3 Metallization by Electroless Deposition (ELD) 

The modified substrates were placed in the dark for 15 min to load PdCl4
2− by 

ion exchange, followed by rinsing with DI water to remove the physics’ 

absorbed inks. The ELD of Cu was performed in a plating bath consisting of a 

1:1 mixture of freshly prepared solution A and B. Solution A contains NaOH 

(12 g/L), CuSO4·5H2O (13 g/L), and potassium sodium tartrate (29 g/L) in DI 

water. Solution B is a HCHO (9.5 mol/L) aqueous solution. After ELD, all 

samples were rinsed by DI water and dried by compressed air. 
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5.1.4 Surface Lithography 

 

Figure 5.2 Schematic illustration of the matrix-assisted catalytic printing 

(MACP) 

As proof-of-concept, I chose polyethylene glycol (PEG), poly 

[2-(methacryloyloxy)ethyl-trimethylammonium chloride] (PMETAC), and 

(NH4)2PdCl4 as the delivering matrix polymer, the receiving matrix polymer, 

and the catalyst salt, respectively. Previously, PMETAC has been demonstrated 
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as an effective interfacial layer to absorb (NH4)2PdCl4 as catalyst for subsequent 

electroless deposition of metal. PEG was chosen as the delivering matrix 

polymer because 1) it is water soluble and water-absorbing; 2) it can carry but 

does not react with the catalyst; 3) it can effectively tune the viscosity of the ink 

to match different kinds of printing tools. To prepare the PMETAC coating, soft 

substrates such as poly(ethylene terephthalate) (PET) were first exposed to an 

oxygen plasma for 3 min to render the surface hydrophilic. The substrates were 

then silanized with octenyl trichlorosilane (OTS) through a condensation 

reaction to form a vinyl-terminating self-assembled monolayer (SAM) on the 

surface. Finally, the SAM modified PET substrates were immersed in a 

polymerization solution to grow the PMETAC on the surface, followed by 

copious rinsing with DI water to remove the physisorbed PMETAC polymer. 

The PMETAC coating is transparent and covalently bonded on the substrate. 

Atomic force microscopy (AFM) study showed that the thickness of the 

PMETAC was ~24 nm and the surface roughness was ~4 nm. The ink is air 

stable and can be stored in the laboratory for more than one month (Figure 5.3).  

Dip-pen nanolithography (DPN): A tip with 1-D cantilever array was first 

immersed in an ethanol solution of 2.5 mg/mL (NH4)2PdCl4and 10 mg/mL PEG 

(Mw. ~300 and ~1540, 1:1w/w) and dried in air. The inked tip was mounted on 

an atomic force microscope machine (XE-100, Park Systems) and contacted 

with the PMETAC modified PET substrate with dwell time varied from 1 s to 25 

s under 80-95% relative humidity. 

Inkjet printing: 14 mg (NH4)2PdCl4 and 20 mg PEG (Mw. ~400) were dissolved 

in 10 g DI water as inks. PMETAC-modified PET was placed into the chamber 



107	  
	  

of inkjet printer (Jetlab® 4, MicrofabTechnologies, Inc.), 3 types of dot arrays 

were printed with defined dot-to-dot distance of 150 µm, 100 µm, and 50 µm 

respectively. The moving velocity of printer nozzle was 50 mm/s.  

 

 Figure 5.3 Digital images of catalytic inks used in MACP for (a) screen 

printing, (b) inkjet printing, and (c) DPN. 

Screen printing: The ink was prepared by mixing 23 mg (NH4)2PdCl4, 5 g PEG 

(Mw. ~4000) and 2.3 g DI water. Inks were printed onto the PMETAC-modified 

substrates through a silk screen made of polyester fibres. 

Metallization by electroless deposition (ELD): The patterned substrates were 

placed in the dark for 15 min to load PdCl4
2- by ion exchange, followed by 

rinsing with DI water to remove the ink. The ELD of Cu was performed in a 

plating bath consisting of a 1:1 mixture of freshly prepared solution A and B. 

Solution A contains 12 g/L NaOH, 13 g/L CuSO4·5H2O, and 29 g/L potassium 

sodium tartrate in DI water. Solution B is a 9.5 mL/L HCHO aqueous solution. 



108	  
	  

The ELD of Ag was conducted by first activating the PdCl4
2- -loaded substrate in 

the Cu ELD solution for several seconds, followed by immersing in the Ag 

plating bath (1 g/L [Ag(NH3)2]NO3 and 5 g/L potassium sodium tartrate aqeuous 

solution). The ELD of Ni was performed in the plating bath consisting of 40 g/L 

Ni2SO4·5H2O, 20 g/L sodium citrate, 10 g/L lactic acid, and 1 g/L 

dimethylamine borane (DMAB) in DI water.  

A nickel stock solution of all components except the DMAB reductant was 

prepared in advance. And the DMAB aqueous solution was prepared separately. 

The ELD plating solution was prepared by mixing the nickel and reductant 

stocks with a ratio of 4:1 v/v and adjusting the pH ~8 with ammonia. All ELD 

experiments were carried out at room temperature.  

The ELD of Au was also conducted by first activatingthePdCl4
2- -loaded 

substrate in the Cu ELD solution for several seconds, followed by immersing in 

the Au plating bath (3.39 g/L HAuCl4, 0.4 g/L NaOH, 6.95 g/L NH2OH·HCl, 11 

g/L Na2HPO4, 16 g/L Na2S2O3·5H2O, 40 g/L Na2SO3) at 65 oC. 

After ELD, all samples were rinsed by DI water and dried by compressed air. 

Characterization: The morphology of metal was investigated by optical 

microscope (Eclipse 80i, Nikon), and scanning electron microscope (SEM, 

TM3000, Hitachi). Atomic force microscopy (AFM) was performed with 

XE-100 (Park Systems) in non-contact mode to characterize the surface 

morphology and thickness of Cu on PET. Bending tests were conducted using 

bending tester (KES-FB2, Kawabata, Tech Co., Ltd.), and stretch-release 
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testswere conducted by home-made stretch-release apparatus. The bulk 

resistance was measured by 2-point probe method with a Keithley 2400 

Sourcemeter. The sheet resistance was measured by a 4-point probe system 

(RTS-9, 4 PROBES TECH). The resistivity is calculated by using the measured 

sheet resistance and the thickness of Cu films.  

5.2. Results and Discussion 

5.2.1 Per-treatment by Low Temperature Plasma 

The PET substrates were firstly treated in the low temperature plasma for 5s, 10s, 

20s, 30s, 40s, 50s, 60s and increasing to120s, respectively. To investigate the 

density of active chemical groups, contact angles of the PET substrates were 

tested and shown in Figure 5.4. Integrally, the values of contact angle decrease 

according to treatment time increasing, and the treated surface changes to 

super-hydrophilic ultimately. The wettability of the surface appears to be 

increased strongly within the first 10 seconds of treatment. As the treatment time 

increasing to 60s, the fabrics change to super-hydrophilic and the water drops 

permeate into the inner of fabrics, which attribute to the roughness and capillary 

effect caused by the particular structures of fabric. Any subsequent surface 

modification following longer treatment after 60s was less important. The 

wettability of the surface can be confirmed that active groups for example, 

hydroxyl, carbonyl, carboxylic, amino and amines are formed on the surface of 

PET, which will effectively react with the trichlorosilane molecules in the next 

step. 
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Figure 5.4 Water contact angles of PET fabrics treated by plasma with different 

time. 

5.2.2 Synthesis of Polymer Brushes on PET 

Poly [2-(methacryloyloxy)ethyl-trimethylammonium chloride] (PMETAC) 

brushes were grafted from PET fabrics by surface-initiated ATRP. The main 

evidence of the successfully grafting process is confirmed by Fourier Transform 

Infrared Spectroscopy (FTIR). From Figure 5.5, PET fabrics without plasma 

treatment and grafted by PMETAC brushes were compared and some 

characterized peaks were analyzed and attributed. The new peak at 1634 cm−1 

and the peak at 1171 cm−1 are attributed to the carbonyl groups and quaternary 

ammoniums groups (QA+) of PMETAC, respectively.  
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Figure 5.5 Reflectance FTIR spectra of PET fabrics modified by PEMATEC 

brushes and control. 

5.2.3 Metal Electroless Deposition on PET 

To calculate the deposited metal layers on the fabrics, increasing weight of each 

samples were measured. The increasing percentage of in deposition can reflect 

the metal deposited mass, and the factor is caclute by the following equation (1): 

δ % =
W2−W1

W1 ×100% 

Where δ means the weight increasing percentage (%), W1 is the initial weight (g), 

and W2 is the final plated sample weight (g). From Figure 5.6, it can be seen that 

longer plating results in heavier fabrics, which is due to increasing amount of 

plated metal. As typically electroless deposition, the Cu2+ ions are reduced in 
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situ and the new forming Cu0nanocystal act as a seed layer for the subsequent 

Cu0 nanoparticles deposition, therefore, the thickness of coating increases. 
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Figure 5.6 Mass increase of PET fabrics via different ELD plating time. PET 

substrates are treated by plasma for 10s, 30s, and 60s. 

5.2.4 Surface characterization 

The electronic conductivity could be affected by the surface morphology of 

metal nanoparticles coating. The morphology of the obtained copper coatings is 

characterized by scanning-electron-microscope (SEM) in detail. Figure 5.7 

shows the SEM photographs of copper nanoparticles layers on PET fabrics (a, b) 

and pure PET fabrics(c, d). In comparison with Figure 5.7a, there is significant 
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change on the surface of PET fibre after copper electroless deposition (Figure 

5.7b). 

 

Figure 5.7 SEM photographs of copper coating on PET film with (a,b) and 

without (c,d) plasma treatment.(Electroless plating time is 60 mins) 

After copper electrolessly depositing, it can be clearly observed that copper 

particles were uniformly and continuously dispersed on the surfaces of PET 

fibres. More importantly it indicates that copper nanoparticles depositing not 

only on upper surface of the fabrics, but also on the inner surface of fibres, and 

this integral and continuous coating will enhance electrical properties of the 

prepared metallic fabrics. From Figure 5.7 (c) we can see that the copper 

nanoparticle film was compact and continuous on the polymer brushes modified 
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fibres, which was per-treated by plasma. But few particles can be observed on 

surface of samples, which did not treated by plasma. It is indicated that the 

plasma per-treatment is a significant decisive factor to the electroless deposition. 
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Figure 5.8 XRD analysis of Copper-PET composite 

The X-ray diffraction patterns of copper particles on polyester surface are shown 

in Figure 5.8. Three peaks at 2θ values of 43.6o, 50.3o and 74.2o corresponded to 

the crystal faces of (111), (200) and (220) of planes of copper were observed and 

compared with the standard powder diffraction card of JCPDS. Based on The 

X-ray diffraction patterns, the particle average size of copper nanoparticles 

could be calculated from the broadening of the diffraction peak by the Scherrer 

formula: 

t =
nλ

Bcos θ 
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With respect to the Cu (111) main peak, the average size of copper particles was 

31.06 nm according to the Scherrer equation. It can be identified that the 

deposited copper nanoparticles exhibited a characteristic face-centered cubic 

crystalline structure by the PDF card of the JADE-SCAN software, which could 

imply perfect conductivity property of copper plated PET fabrics. 

As intuitive measurement, size of copper particles is determined by FE-SEM 

and AFM, respectively. It can be observed that the size of nanoparticles is even 

granular, which is around 30-50 nm. The nanoparticles are compact and 

continuous on the PET surface with compact arrangement, whose particular 

distribution should lead to high electronic conductive properties of this as-made 

composite. The AFM image (Figure 5.9) indicates the surface morphology of 

deposited copper nanoparticles with plasma assistant technique. The RRMS of 

the Cu-deposited surfaces (20µm×20µm) for sample is estimated to be 28.6nm 

which is coincident with the FE-SEM image.  
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Figure 5.9  Topography images of Cu nanoparticles on PET substrate. Upper 

one is observed by FE-SEM, and bottom one is scanned by AFM. 
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Figure 5.10 Conductivity tests of the prepared conductive PET fabrics 

The prepared conductive PET fabrics with different plating time (a), and wash 

fastness test of the conductive PET fabrics (60 min plating), and samples of 

commercial cotton fabrics by thermal evaporation (b). The conductivity 

maintains constant after 5 washing cycles by hand. 
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5.2.5 Demonstration as electronic circuits 

The mostly important application for conductive fabrics is used as electric 

conductor in electric circuit with current system.  To demonstrate this 

application in detail, a basic and simple circuit was constructed by bridging a 9 

V battery and one electrical contact of a blue LED with manufactured 

conductive yarns and conductive fabrics (Figure 5.11 b,c). When the other 

contact between the LED and the battery was made, the LED turned on 

immediately and illuminated for more than 10 min until the contact 

disconnecting. The LED can be repeatingly switched ON and OFF by 

connecting and disconnecting the contact without loss of fidelity.  

 

Figure 5.11 Digital images of electronic circuits.  

Initial PET yarn and as-made conductive yarn, (a) Conductive yarn (b) and 

fabric (c) are used as electrical wire and substrate for powering a blue LED, 

respectively. The yarn or fabric was placed in contact with the battery, LED 

without using extra conductive glue or paste. 
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5.2.6 Surface Functional Lithography on PET 
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Figure 5.12 Nanometer to micrometer Cu dot arrays fabricated by inkjet printer, 

DPN and screen printing: optical image of (left) DPN-printed ink arrays and 

(right) the corresponding Cu dot arrays 

An additional advantage of MACP strategy is that the PMETAC brushes layer 

can enhance the adhesion between metal and polymer substrates. During ELD, 

the Pd moieties in the PMETAC brushes act as catalytic sides for Cu deposition. 

It is believed that the polymer chains penetrate into the Cu layer to form a thin 

composite layer of polyelectrolyte and metal nanoparticles at the metal-substrate 

interface. As consequences, the robust interfacial bonding can be attributed to 

this interpenetrating composite structure, of which one end is covalently 

tendered on the substrate surface. All the metal structures shown above passed 

the Scotch tape adhesion tests (Figure 5.12). It should be noted that without the 

use of the delivering matrix PEG, (NH4)2PdCl4 cannot be applied with DPN or 

screen printing. Without the use of receiving matrix PMETAC, only a small 

amount of non-uniform metal deposition occurred on PET fabrics and film with 

very poor conductivity and adhesion, and no metal deposition occurred on wool, 

nylon, or PDMS.  
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Figure 5.13. Digital image showing that the Cu ribbons on PET fabricated by 

MACP pass Scotch tape test. 

5.3 Summarizes 

In this chapter, to match objective 3 and objective 1, as extension, 

polyelectrolyte brushes were grafting on PET substrates and developed a novel 

proceeding to prepared durable electrically conductive PET fabrics &films. 

Firstly, the PET fabrics are per-treated by plasma to generate active chemical 

groups, as conformed by decreases in contact angle and active groups formed on 

the surface of PET. Then PMETAC brushes were grown from the active PET 

surface by SI-ATRP, which act as a platform for ELD of copper particles 

depositing to form polymer-bridges copper-PET hierarchical structures 

subsequently. This in situ depositing approach ensures that the copper 

nanoparticles could distribute uniformity and continuity on the surface of PET 

fabric structure. And these formatted conductive PET fabrics are highly durable 

conductivity because the grafting polymer brushes act as effective bond layer 
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leading to excellent electrical stability under bending, stretching, and washing. 

Such manufactured conductive fabrics can be used as electrical conductor to 

powering a LED. In principle, this copper coating method could be extended to 

the coating of metals on other synthetic fabrics, polymer films, and bulk 

polymer materials. Such conductive fabrics could develop a wide variety of 

applications in wearable and flexible electronics, radiation and electromagnet 

protection, energy, and biomedical industries, and it also provides also an 

excellent alternative method to obtain metal coating on polymer substrates. 

Additionally, MACP is a new printing strategy that allows for the simple 

fabrication of high-performance flexible, foldable, and stretchable metal 

conductors on a wide variety of substrates at room temperature. The key 

innovation of MACP is the use of matrixes (both delivering and receiving) to 

carry and immobilize the catalysts on the substrates, so that subsequent ELD can 

be carried out site-selectively to yield highly conductive metal conductors. 

MACP is a versatile strategy in the following aspects. 1) It is compatible with 

many printing methods by simply tuning the amount of delivering matrix 

polymer for specific ink requirement, so as to fabricate features with sizes 

ranging from sub-micrometer, to micrometer, centimeter, and even meter scales. 

Therefore, MACP is suitable for experimental prototyping (e.g., using inkjet 

printing and DPN), as well as high-throughput fabrication (e.g., screen printing). 

2) MACP is compatible virtually with most of substrate by modifying the 

substrate with the receiving matrix polymer. The metal conductors fabricated by 

MACP can be readily used for flexible, foldable, and stretchable electronics. 
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Therefore, it shows remarkable application potentials for plastic electronics, 

smart textiles, electronic skins, and biomedical implants and devices. 
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CHAPTER 6. POLYELECTROLYTE BRUSHES BRIDGED ZINC 

OXIDE AND COTTON HIERARCHICAL STRUCTURES FOR UV 

BLOCKING FABRICS 

In Chapters 4 and 5, grafting polyelectrolyte brushes are used as responsive 

platform for metal nanoparticles electroless deposition on cotton and synthetic 

fibres/films. These as-made fabrics and yarns show excellent electro-conductive 

properties; meanwhile, the grafting polyelectrolyte brushes could be used as site 

selection interface to prepare electronic devices by several lithography 

methodologies, which filled the research gaps 3 and 4, respectively. Aside from 

metal nanoparticles, semi-conductive nanostructures have also been used widely 

in the textile industry recently, specifically in meeting the demand to impart 

some particular optical properties, such as UV blocking and IR reflection, to the 

daily and protective textiles(Ates & Unalan, 2012; Daoud & Xin, 2004; 

Hongying Yang, Zhu, & Pan, 2004; Y. Zhang et al., 2011; Zhao, Zhang, Xu, 

Evans, & Duan, 2010). Such properties are imparted on the natural and synthetic 

fabrics by applying a semi-conductive nanostructures coating or film by CVD, 

PVD, or mixed with cross-linking agent to form composites on the fibre 

surface(Frunza et al., 2013).  

To fill the research gap 4, the grafting polyelectrolyte brushes are used in this 

chapter as responsive interfaces in the catalyst solution for semiconductive ZnO 

nanostructure electroless deposition. More importantly, the morphology of ZnO 

crystals could be controlled by experiment design, and the functional textile 

shows excellent UV blocking properties. Compared with other finishing process, 

the functional ZnO nanocrystals are grown not only on the surface of fibres, but 

also onto the inner of hollow cotton fibres with different morphology. This 
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unique property of the post modification allows the functional fabrics to show 

excellent antifriction, washability, and long durable property. 

6.1 Introduction  

UV irradiation from natural sunlight and therapeutic artificial lamps causes 

various pathologies to human healthiness, such as tanning, ageing, Alzheimer’s 

disease, inflammation erythema, local or systemic immunosuppression, cancer, 

and damage to the DNA molecules of living. In everyday life and medical 

treatment, the unique protection method is wearing clothing to block the 

detrimental UV irradiation.(Lu, Fei, Xin, Wang, & Li, 2006; Mao, Shi, Zhang, 

& Cao, 2009; L. Wang et al., 2011; R. Wang, Xin, & Tao, 2005; Xin, Daoud, & 

Kong, 2004; Yadav et al., 2006) Developing novel product to protect the human 

body from UV is one of the most significant objectives in many 

industries.(Kathirvelu, D’souza, & Dhurai, 2009) Compared with other being in 

this planet, we human being do not have fur or feather, but we wear clothing. In 

modern life, most of clothing materials, whether natural fibres, such as cotton, 

wool, and silk, or synthesized fibres, nylon, and PET, have limited UV-blocking 

property; moreover, the clothing material itself could be decomposed by 

irradiating with UV rays.(Frunza et al., 2013; Kathirvelu et al., 2009) Thus, to 

protect our human body healthy, there is abundant requirement to develop UV 

blocking functional clothing. From literature report, we have learned that the 

semiconductive ZnO nanoparticles could be used as one of the most effective 

UV blocking functional matters. But, the development of ZnO-based UV 

shielding clothing is currently delayed because of the weak adhesion between 

the clothing and semiconducted ZnO crystals. Two main methods can be used to 
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prepare ZnO crystal functional clothing: physical process and chemical rout. The 

ZnO functional clothing fabricated by CVD, PVD, and other physical deposition 

methodologies show poor adhesion property because chemical bonds between 

ZnO and clothing are lacking, and the technical index and machine requirement 

are the other limitations for mass production.(Kathirvelu et al., 2009; Y. Li, Zou, 

& Hou, 2011; Uğur, Sarıışık, Aktaş, Uçar, & Erden, 2010) Some chemical 

finishing achievements are also developed, and the main method is mixing of 

the cross-linking agent and ZnO powder to enhance the washing speed of 

functional clothing(El-Hady, Farouk, & Sharaf, 2013; Shih et al., 2004). 

However, this traditional finishing method, as discussed in Chapter 1, will 

increase the thickness of fabrics and change the hand properties. More 

importantly, the coating functional films only cover the outer fabrics and could 

hardly penetrate the inner part of hollow cotton fibres. Therefore, a strong 

demand exists for a more universal approach toward generating 

To fill the research gap 4 and objective 4, a novel method to obtain a 

homogeneous, continuous, abundant ZnO crystal layer, and the grafting 

polyelectrolyte brushes play as post modification platform for the deposition is 

developed. This as-made ZnO crystal layers are tethered by pre-grafting 

polyelectrolyte brushes to the fibres. The morphology of ZnO could be 

controlled by experiments and is show according to the different optical 

properties. Interestingly, it was found that ZnO could deposit in the inner part of 

hollow cotton fibres with different morphologies. 
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Figure 6.1 Schematic illustration of the process of fabricating metal oxide 

nanoparticles-polymer brushes-fibres hierarchical structures. 
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6.2 Experiment and Methodology 

6.2.1 Experimental procedures 

First, the polyelectrolyte brushes were grafted on the surface of cotton as 

described in Chapters 4 and 5. The modified cotton fabrics were immersed into 

5 mM of ammonium tetrachloropalladate(II) solution for 30 min, cleaned 

ultrasonically in ethanol and acetone, and rinsed in distilled water, to remove 

any impurities. Subsequently, the pretreated substrates were immersed into 

mixed aqueous solution at 70 and 90 °C, which contains 0.05 M zinc nitrate 

hexahydrate and 0.05 M dimethylamineborane complex [(CH3)2NHBH3]. The 

substrates were immersed in the prepared solution for 1 min up to 2 h for ZnO 

thin film growth. 

6.2.2 Characterization 

The crystal structure of functional fabrics is characterized by X-ray diffraction 

(XRD, Philips X 'pert diffract meter in θ−2θ configuration). Thermo gravimetric 

analysis (TGA) and DSC are tested by Perkin-Elmer DSC7 system at Air/N2 

ambient condition. The ultraviolet protection factor (UPF) of modified fabrics 

was evaluated by a Varian Cary 300 UV spectrophotometer according to the 

Australian/New Zealand Standard AS/NZS 4399:1996. Washability 

performance was investigated with reference to the Technic Manual of the 

American Association of Textile Chemists and Colorists (AATCC). Washing 

test was performed using laundering machine (AATCC Standard Instrumental 

Atlas Launder-Ometer LEF, Atlas electric devices company, Chicago, IL, USA), 

and the temperature is 49 °C, in a 1.2 L stainless steel lever lock canister.  
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6.3. Result and Discussions 

6.3.1 Surface morphology controllability and observation 

6.3.1.1 Role of polyelectrolyte brushes 

To examine the role of grafting polyelectrolyte brushes, normal cotton fabrics, 

without any chemical treatment, were immersed into the 5 mM of ammonium 

tetrachloropalladate(II) solution for 30 min and washed several times using DI 

water. From the observed scanning electron microscopy (SEM) image, only 

some isolated ZnO nanorods directly fall on the surface of cotton fibre and 

without any adhesion force; these ZnO nano structures are deduced to be from 

the solution precipitations. The deposition is similar to snow falling on the 

ground and can be easily washed away by water. 

 

Figure 6.2 SEM images of ZnO deposition on raw cotton fabrics (a,b) and on 
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polymer brushes modified cotton(c,d). 

The SEM results show two different morphologies with two different reaction 

temperatures. When the temperature is 90 °C, the ZnO film formed compact 

amassment nanorods vertical to the substrate. Apparently, ZnO films uniformly 

cover each individual fibres of the entire samples and are formed of regular 

arrangement; the crystallites are well-faceted with the base diameter and height 

of 500 nm and around 2 µm, respectively, and they present a characteristic 

hexagonal prism shape. The hexagonal nano-rods are closely crowded, and clear 

interface could be observed for the composition of each columns. The grains 

were defined, which are formed with many small columns and possess clear 

interface with one another in the beginning of electroless deposition. The 

grafting polymer brushes offered a uniform platform to anchor the palladium 

catalyst for electroless deposition. To confirm this hypothesis of small column 

and investigate the reaction dynamic processes of ZnO electroless deposition, 

morphology of samples by different deposition times were observed by SEM to 

determine the potential mechanism of ZnO growth on the polymer brushes’ 

modified cotton surface. 

6.3.1.2 Morphology controlled by ZnO nanostructure deposition time 

Figure 6.2 shows the morphology of Zinc Oxide nano-rods growth on the cotton 

fibre as observed by SEM, with prolonged time at 90 °C. At the beginning of 

deposition, the nanorods do not cover the surface uniformly, with deposited 

density. With prolonged time, particles became more compact and uniformly 

covered the surface. However, no apparent growth was observed on ZnO crystal. 

The size of ZnO particles could be controlled by this deposition method, such as 
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solution concentration and temperature, but without further agglomeration with 

prolonged time. After the 1 h deposition time, the ZnO nanostructure film have 

formed compact amassment nanorods vertical to the substrate. 

 

Figure 6.3 Surface morphology observation by SEM during the deposition 

time,10mins,20mins,40mins and 1 hour 
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6.3.2 DSC and TGA analysis of ZnO deposited fabrics 

100 200 300 400 500 600 700
0

20

40

60

80

100

 

 

Temperature / oC

 1min
 30min
 2hrs

M
as

s(
%

)

100 200 300 400 500 600 700
0

5

10

15

20

25

30

Temperature / oC

H
ea

t/M
as

s 
/ m

W
/m

g

 

 

 1min
 30min
 2hrs

 

Figure 6.4  DSC and TGA analysis of ZnO deposited cotton fabrics, the deposition 

time is 1mins,30mins and 2 hours. 

TGA was used to assess the ZnO content of the functionalized cotton fabrics. 

Figure 6.3 shows the thermograms of unmodified cotton and ZnO nanocrystal 

deposited on cotton for 30 min and for 2 h. The TGA curve exhibits two 

characterized weight loss: one is before 100 °C with weight loss of 6%, and 

250–350 °C with sharp weight loss about 70%–80%, which is caused by the 

vaporization of the natural moisture and thermal degradation of the cotton 

fabrics, respectively. Unmodified cotton starts to decompose thermally around 
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250 ºC, then the total decomposition is terminated around 400 ºC. weight loss of 

each sample at the end of the TGA testing was employed to calculate the amount 

of ZnO deposited. For the 30 min and 2 h deposition on cotton modified with the 

ZnO rods only, the calculated amount id 3.6 wt% and 11.5 wt % of ZnO, 

respectively. 

DSC is a useful tool to study the material reaction characteristics and reaction 

kinetics. Here the melting and crystallization behavior of electroless deposited 

ZnO nanoparticles were studied by using the Perkin-Elmer DSC7 system. The 

temperature of the testing process is programmed from room temperature to 800 

oC, while the scanning rate is 10 ºC/min. The heat flow and energy changes in 

the aluminum pans were recorded. By observing the heatflow, two peaks can be 

attributed to the cotton cellulose deposition. This result agrees with the TGA 

result, which is a consequence of the role played by the diffusion processes 

during both activation and growth processes.. 

6.3.3 XRD results and crystal structure 
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Figure 6.5 X-ray diffraction patterns of the deposited ZnO on cotton, and the 

deposition time is 10 mins ,1 hour and 2 hours. 

The deposited ZnO was structurally characterized by X-ray diffraction. 

Figure 6.4 shows the XRD patterns of the fabrics deposited by ZnO nanorpds. 

Highly crystalline ZnO particles were formed by the electroless deposition 

method, and the result indicated the formed ZnO crystals are with the structure 

of wurtzite-type, and the morphology should be hexagonal column, which has 

been confirmed by the observation of SEM. 

which indicated that the particles with a hexagonal column structure of 

wurtzite-type ZnO grew along the c axis. Using the Scherrer’s equation, the 

crystallite thickness was estimated to be 42.3, 36.7, 33.9, and 22.9 nm from the 

full width at half-maximum of the (0002) peak for E0, E25, E50, and E75, 

respectively. 

6.3.4 UV-blocking performance 
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standard. 

 

The UV blocking performance of ZnO is the main purpose that researchers want 

to impart on the cotton fabrics surface. In this study, “Ultraviolet protection 

factor” (UPF), is introduced to calculate the UV-blocking performance directly. 

Basely, the UPF value could be affected by some other factors such as color of 

fabrics, presence of functional matters and laundering. To avoid any systematic 

error, woven cotton fabrics with the same parameterwere employed. After 

grafting polymer brushes and ion exchange, the fabrics deposited processing is 

observed by SEM and investigated with different electroless deposition time. It 

has been confirmed that the ZnO crystal show more compact and continued, 

from the morphology result observed by SEM. This morphological change 

influences the UV blocking performance of the functional fabric:longer 

deposition time, and better UPF value. 
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Figure 6.7 UV-Vis transmissivity spectra of ZnO deposited cotton fabrics 
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The UPF of more than 350 has been achieved when the deposition of 3 h was 

used. The washing speed was performed according to the AATCC Test Method 

61-1996 test No. 2A. The constant UPF was measured after cyclic experiments. 

To indicate the protection performance of modified cotton fabrics from UV, 

transitivity of UV of different deposited times were investigated, and the 

unmodified cotton was also tested as a control sample. From the curve, complete 

wavelength blocking can be observed for the UV range of 280–400. The 

washing speed of the functional textiles was not presented in this part. From the 

literature we can learn the mechanism of the SPF activity is attributed to the 

semiconductors structure of the deposited ZnO crystals. The band gap energy 

(Eg) of ZnO lies in the UV range, UV blocking property attribute to ZnO 

nanotods match the band gap well of the UV.  

6.4 Washing speed of UV-blocking fabrics 

One of the main expected preponderance of polymer brushes bridged functional 

nanoparticles is the washing speed. Following the test standard from the Technic 

Manual of the AATCC, the performance of washing speed was investigated(R. 

Wang et al., 2005). The washing cycle 5, 10, 15, 20, 30, 40, and 50 were 

selected, and the UV blocking performances of each sample are testing. From 

Figure 6.7, after five washing cycles, the UPF value sharply decreased because 

the ZnO nanoparticles on the outer surface were easily wash away because of 

the friction force during washing. Moreover, when the washing cycles increase, 

the UPF slightly decreases. This good washing speed is attributed to the ZnO 

nanostructure growth in the inner of fibre, and the unique structure could not be 

removed by friction force during washing. This hypothesis is confirmed by SEM 
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observation. The ZnO structure could be easily found in the inner part of cotton 

fibres even after 20 times of washing. 
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Figure 6.8 Wash fastness test of UV blocking functional fabrics 
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Figure 6.9 SEM images of cotton fabrics functionalized with ZnO nanorods after 

washing for 10 cycles (a,b) and 20 cycles(c,d) 

6.4. Summarizes 

To fill the research gap 4, polyelectrolyte brushes acting as supported catalyst 

system for ZnO nanorod’s electroless deposition are developed in this chapter. 

There is a dynamic deposited process with increasing mesh densities according 

to the deposited time increasing. The SEM observation shows the deposited ZnO 

with hexagonal prism crystallites structure and the nanostructure with compact 

distribution. Dramatically, the ZnO nanostructure not only on the outer surface 

of fibers but also grow on fiber-inner surface of the fibres hole, which will lead 

to long-term durability and wash-fitness. The UV blocking properties have been 

investigated by the optical spectroscopy and the as-made fabrics show effective 

protection against UV radiation. 

The main advantages of the process, which modify the UV-blocking properties 

of fabrics, compared with other techniques are joined to its washing speed and 

low cost. The functionalized cotton textile has potential applications in various 

areas, ranging from self-cleaning clothing to specific products in life sciences or 

medical fields. 

Compared with other techniques, the main advantage of the polymer brushes 

assistant ZnO nanorod deposition is durability and wash fitness. The ZnO 

crystals spread on each corner of the fibre surface, from the outer to the inner. 

This particular wide attribution avoid the functional ZnO could be easily 

removed through friction and washing. The ZnO nanorods functionalized cotton 
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textile has prospective applications in outdoor clothing, medical protective 

clothing and self-cleaning clothing to specific products in daily life or medical 

fields. 
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CHAPTER 7. ANTIFOULING AND ANTIBACTERIAL FABRICS VIA 

3D MULTI-SCALE TEXTILE STRUCTURES 

To achieve object 5, in this chapter, a systematic study will be carried out on the 

anti-fouling mechanisms involved in the 3D multi-scale fibrous structure of 

human intestinal walls and then carry out biomemtic design of 3D multi-scale 

textile structures with micro-scale fiber brushes and nano scale polymer brushes 

with investigation of their anti-fouling properties. 

Microorganisms are very diverse and include all the bacteria, Archaea, and 

almost all the protozoa. They also include some fungi, algae, and certain animals. 

Microorganism can be a double-edged sword to human health, with positive 

effect and negative effect. Method on controlling of the interfacial behavior of 

microorganisms on the substrate, including adhesion, growth, and proliferation, 

is a considerable research field. The interface science between microorganisms 

and polymer brushes has been widely conducted. To fill the research gaps in the 

biotextile interfacial area, antifouling fabrics and antibacterial fabrics are 

manufactured by modifying polymer brushes on textile materials in this chapter. 

The textile structure with micro-nano brushes is enlightened from the natural 

structures of coral and sea anemones, which have inherent antifouling properties 

with brushes like structures. The brushes structure moved with the flow of 

seawater and microorganism could hardly attach on the surface of brushes 

structure. With understanding of the mechanism of antifouling and the great 

demand of the marine, a particular fabrics structure with micro-nano polymer 

rbsuehs is designed to resist fouling in the seawater. Here, the current work 

establishes multi-brushes system and investigate the antifouling property to 

algaes. Besides, antibacterial fabrics with nano-copper coating, which are 



141	  
	  

fabricated in Chapters 4 and 5, have been also investigated in this Chapter. 

7.1 Introduction 

7.1.1 Antibacterial functional fabrics 

Antibacterial, as a major issue, has been arising from bacterial adhesion, 

growth, and proliferation on surfaces (Abdel-Mohsen et al., 2012; D. Zhang, 

Chen, Zang, Chen, & Lin, 2013; Z. Zhang, Chen, Ji, Huang, & Chen, 2003). In 

the hospital, from the medical clothing, medical devices, facilities and hospital 

environments, or health-care facilities, contamination is leading to significant 

incidence of disease and decreased human protection, as well as everyday-life 

commodities.(F. Zhang, Wu, Chen, & Lin, 2009). Accordingly there is 

increasing demand for novel coating technology to resist bacterial infections and 

to construct antimicrobial interface and surface for clinical objects. Great 

research works have been conducted on surface functionalization and coating of 

various of substrates in dividing inorganic, organic, and natural biological 

antibacterial agents, with the purpose of intrinsically antibacterial(Goel et al., 

2009; Q. Li, Chen, & Jiang, 2007; Mary, Bajpai, & Chand, 2009; Perelshtein et 

al., 2008; Ravindra, Mohan, Reddy, & Raju, 2010; Shahidi, Ghoranneviss, 

Moazzenchi, Rashidi, & Mirjalili, 2007). Nanotechnology show substantial 

advantage in antimicrobial ingredients because nanoparticles provide higher 

specific surface area and leading to higher bioactivity(Jiang, Liu, & Yao, 2011; 

Thanh & Phong, 2009). The silver nanoparticles and copper nanoparticles have 

been used widely in the antibacterial filed, and their effectiveness in killing the 

microorganisms has been studied(C.-Y. Chen & Chiang, 2008; Jia, Mei, Cheng, 

Zhou, & Zhang, 2012; Mary et al., 2009; Perelshtein et al., 2008; Raffi et al., 
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2010). The main methods used in coating antibacterial nanoparticles on the 

substrates, including fabrics, can be divided into PVD, electro-deposition, and 

polymer composite. PVD method deeply depends on complicated and 

heavy equipment, and its strict restriction to sample size is another limitation to 

its wide application. Electro-deposition should have the surface of the fabrics 

conductive; meanwhile, polymer composite will add additional layers to the 

substrate and make an essential change to substrates, both surface and 

components.  

Undeniably, mixture of nanoparticles in polymer matrices could fix 

nanoparticles and decentralize nanoparticles to avoid agglomeration(Dastjerdi & 

Montazer, 2010). Furthermore, the protection in polymers could promote 

stability in air and water and show control antibacterial ions release into relevant 

media(Marambio-Jones & Hoek, 2010). Polymer brushes assistant copper 

electroless deposition procedures have been established to prepare metal 

nanoparticles on natural and synthetic polymer substrates in Chapters 4 and 5. 

The electroless deposition of copper nanoparticles on cotton and PET fabrics 

and films having electroconductivity and using polymer brushes as bridge were 

previously examined. However, the antibacterial performance of copper has 

never been investigated and reported.  

7.1.2 Antifouling functional fabrics and micro-nano-polymer brushes 

structure 

Another most important application of polymer brushes modified surface on 

microorganism management is antifouling interface. Biofouling results in 
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substantial performance and monetary loss to various vessels by reducing their 

fuel efficiency, increasing dry-dock maintenance costs, and reducing their hull 

strength and biocorrosion(W. J. Yang, Neoh, Kang, Teo, & Rittschof, 2014). 

Extensive research of the mechanisms involved has been carried out and 

published. Yang et al. reviewed the development of new surfaces for the 

prevention of biofilms and biofouling(F. Yang, Cheruti, & Armon, 2010). The 

process of biofilm formation was characterized by five stages: adhesion, 

colonization, accumulation, colonization, detachment of microorganisms. Maud 

et al. pointed out that failure to produce truly nonthrombogenic materials 

reflects the failure on the full understanding of the mechanisms of 

biomaterial-associated thrombosis(Gorbet & Sefton, 2004). In addition to the 

biological mechanisms of platelet adhesion and activation, complement 

activation, and leukocyte biology, fluid dynamic is also an important factor that 

determines the rate of transport of cells and proteins to the surface. 

7.2. Experiment and Methdology 

The antimicrobial activity of copper nanoparticles loaded with cotton fabrics 

against four bacteria, including two gram-positive bacteria (S. aureus ATCC 

25923 and B. bombysepticus) and two gram-negative bacteria (E. coli ATCC 

25922 and S. maicesceis), was evaluated by radial diffusion assay(Steinberg & 

Lehrer, 1997). A single colony of each bacterial strain was inoculated into 5 ml 

of LB at 37 °C overnight, and about 50 µl of culture was then added to 5 ml of 

LB for 3-4 h of incubation until the OD600 reached 0.4. Approximately 1 ml 

culture was mixed with 100 ml of sterile LB agar at around 55 °C, and the 

mixture was aliquot in Petri dishes. The entire specimen was cut into 5 mm 
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diameter and incubated overnight at 37 °C.  

 

Figure 7.1 Scheme of multi-brushes structure textile materials design and 

dynamic antifouling mechanism in the biodiversity in marine environments 

7.2.1 Fabrication micro-polymer brushes by peach finishing 

Fabric with micro-polymer brushes is fabricated by peaching, which is a simple 

procedure that includes sanding the fabric, shown in Figure 7.2. Peach finishing 

technique can be applied in almost any category of fiber, including cotton, nylon, 

FET, PFPT and so on. The surface morphology of fabrics after peach finishing 

was absorbed by Scanning Electronic Microscopes. 

 

 

Figure 7.2 Schematic design of the lab-scale fabric with micro-polymer brushes 
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7.2.2 Grafting nano-polymer brushes on micro-polymer brushes 

These techniques can be utilized to fabricate anti-fouling nano-scale polymer 

brushes onto the brushed fabrics produced in objective 2 by using the monomers, 

with considering the relevant factors for example surface energy distribution, 

grafting density and height of the polymer brushes. The fabrication procedure is 

shown in Figure 2. Briefly, the brushed fabric was treated by low temperature 

O2 plasma to form active chemical groups onto fiber surfaces. Abundance 

hydroxyl groups of fibers would first be reacted with ATRP initiator, 

3-(trichlorosilyl)propyl 2-bromo-2-methylpropanoate molecules, forming strong 

Silicon－Oxygen bonds. The brushed fabrics were then rinsed 3 times with 

anhydrous dichloromethane to eliminate the excess physisorbed initiator and 

byproduct molecules, following by drying in a vacuum. For preparation of nano 

polymer brushes, commercially monomer was mixed in solution under stream of 

nitrogen. Other ligands for ATRP will be added to above solution. The mixture 

was left for further stirred at room temperature and under inert gas. After 

20mins,the initiator-grafted fabrics were transfer into Schlenk tube, and the 

polymerization solution could submerge each sample completely. After 2hours 

polymerization, the samples will be take out from the tube and wash with water 

for many time to remover any physical-absorbed chemicals. The morphology 

and surface chemistry and structural properties was characterized using SEM, 

and FTIR. 
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Figure 7.3 Process and technique to fabricate nano polymer brushes on micro 

fiber surfaces 

For the PSBMA brushes, the detail of synthesis is described following. Firstly. 

SBMA monomer (10.6 g), ligand bpy (1.56 g), CuBr (1.43 g), added to a 

Schlenk flask, added 50 ml water and 50 ml methanol. The solution of 

polymerasation was deoxygenated by continuous argon for 30 min. Fabrics 

modified by initiator was immerged into the solution for polymerasation, and the 

processing was carried out for 10 h at room temperature. Finally, the PSBMA 

brushes modified fabrics were taken out and for further cleaning with DI-water, 

and dried under a stream of argon.  

7.2.3 Antifouling testing methodology 

To investigate the antifouling property of the multi structure fabrics, the multi 

brushes structures fabrics were immersed into the prepared artificial seawater for 

one day for the per-testing. The fabrics were transfer into culture dishes that are 

filled with Chlorella culture suspension and Nannochloropsis maritime. The 

concentration of Chlorella culture suspension is 2.0 × 106 cells per mL, and the 

cell density of Nannochloropsis maritime is 9.2 ×  105 cells per mL. The testin 

samples were left in the solution for 3 hours and the washed by fresh artificial 

seawater to remover any absorbed microalgae. The antifouling results of 
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samples were observed by SEM.  

7.2.4 Antimicrobial activity testing 

The antimicrobial activity of copper nanoparticles loaded cotton fabrics against 

four bacteria, including two Gram-positive bacteria (S.aureus ATCC 25923 and 

B.bombysepticus)and two Gram-negative bacteria (E.coli ATCC 25922and 

S.maicesceis), was evaluated by Radial diffusion assay(Steinberg et al., 1997). 

A single colony of each bacterial strain was inoculated in 5 ml of LB at 37°C 

overnight, and then 50 µl of culture was added to 5 ml of LB for 3-4 hours’ 

incubation until the OD600 reached 0.4. 1 ml culture was mixed with 100 ml of 

sterile LB agar at around 55°C, and then the mixture was aliquot in petri dishes. 

The entire specimens were cut into 5 mm in diameter respectively and then were 

incubated overnight at 37°C. 

7.3. Results and Discussions testing 

7.3.1 Surface topographic structure of microscale polymer brushes 

Figure 7.4 illustrates the SEM of cotton fabrics with micropolymer brushes 

(peach finishing fabrics) observed at low vacuum. The magnified SEM image in 

Figure 7.4 has clearly revealed that fabrics are covered with intensive 

microbrushes. Peach finishing fabrics have specific hand properties because of 

their surface microstructures; one side of the fibre is fixed on the fabrics 

substrate, and the other side is free standing. The effectiveness of the surface for 

its mobility and the dynamic structure in antifouling property caused us to 

fabricate biomimetic surface using the multi-scale polymer substrates.  
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Figure 7.4 Surface morphology of cotton fabrics with microscale polymer 

brushes. 

7.3.2 Antifouling properties of multi brushes fabrics 

Figure 7.5 shows the characteristic SEM images of Chlorella microalgae on 

modified cotton fabrics with multi-scale polymer brushes structures and normal 

cotton fabrics. The samples were pre-treated by glutaraldehyde (2.5%) before 

observation. Figure 7.5a b and 7.5c d illustrate the conformation of Chlorella on 
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the fabrics with multiscale polymer brushes structures and normal cotton fabrics, 

respectively. The Chlorella cells on the multiscale polymer brushes modified 

fabrics are surrounding and separated from the surface, and no blot of cellscan 

be observed on the surface. In contrast, on the normal cotton fabric, 

Chlorella cells are spread all over the fabric’s structures. Figure 5b and 5c show 

images with larger magnification of these surfaces. Merely sole cells are present 

on the fabrics with multi-scale polymer brushes structures, which are 

significantly less compared with the normal fabrics. 

 

Figure 7.5 SEM images of Chlorella settlement on (a, b) cotton fabrics with 

multiscale polymer brushes structures and (c and d) normal cotton fabric. 
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7.3.3 Antibacterial activity and durability of the copper 

nanoparticle-modified fabrics 

 It can be seen in Figure 7.6 that raw cotton fabrics as control shows 

antibacterial ring testing results in Petri dishes, increased within nano-copper 

coating cotton fabrics with different deposited time. The clearing zone indicates 

the susceptibility of the bacteria to the sample. Figure 7.3 demonstrates the 

antibacterial test results using antibacterial ring method.  What is noteworthy is 

that annulus of inhibition zone increases with the increase in the copper 

depositing time. The experimental result could essentially caused by the 

antibacterial/killing of Cu2+ ions, which are released from the functional fibers. 

For dynamic antibacterial performance of the functionalized fabrics, more 

copper nanoparticles, more effective. 

Durable testing of the copper-deposited fabrics 

Apparently, the antibacterial properties of functional fabrics, which are made by 

electroless deposition by polymer brushes bridged, show excellent washing 

speed even after 30 cycles of washing (Figure 7.4), and the antibacterial ring can 

be observed. For comparison, copper nanoparticle-coated cotton fabrics by PVD 

method was tested in the same disk. After 5 cycles of washing, the functional 

fabrics by PVD show invisible antibacterial ring, which means that the majority 

of the functional copper nanoparticles were washed off. The washing speed 

testing proves that the polymer brushes-bridged-deposited copper show 

excellent adhesion and long durable properties.  
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Inhibition on E. coli (ATCC 25922). 

 

Inhibition on S. aureus (ATCC 25923). 

Figure 7.6 Antibacterial (E. coli and S. aureus) test of control (c) and the 

samples on deposited time of 5 min (1), 20 min (2), 30 min (3) , and 1 h (4). 
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Inhibition on E. coli (ATCC 25922) 

 

Inhibition on S. aureus (ATCC 25923) 

Figure 7.7 Antibacterial (E. coli and S. aureus) test of control cotton fabrics 

without any modification (c) and the sample washed for 10 cycles (1), 20 cycles 

(2), 30 cycles (3), and PVD-deposited copper on cotton fabrics washed for 5 

cycles (4). 
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Inhibition on E. coli (ATCC 25922) 

 

Inhibition on S. aureus (ATCC 25923) 

Figure 7.8 Antibacterial (E. coli and S. aureus) test of control (c), modified 

PMETAC brushes (1), modified PSBMA brushes (2), Ag nanoparticles deposited 

(3), and Cu nanoparticles deposited (4). 

Among control cotton fabrics, polymer brushes 1, polymer brushes 2, silver 

1 

2 

3 

4 c 

1 

2 

3 

4 

c 



154	  
	  

nanoparticles deposited on cotton, copper nanoparticles deposited on cotton, 

copper nanoparticles show the most significant antibacterial function E. coli and 

S. aureus, and the silver nanoparticles show antibacterial property, but the 

antibacterial ring is much smaller than copper. No evidence was observed for the 

two kinds of polyelectrolyte brushes modified fabrics showing antibacterial ring 

in this test. This result shows that the deposited copper shows strong sterilization 

to the E. coli and S. aureus. From the literature, the Cu ions could be released 

into the solution, and the antibacterial ring is caused by the copper ion diffusion. 

To study the mechanism of antibacterial functional properties of copper 

nanoparticle, XRD pattern analysis is used. Figure 7.6 shows the XRD patterns 

before antibacterial testing and after testing for 24 h. A new peak of Cu2O 

emerged on the pattern of the fabrics after antibacterial testing. The antibacterial 

property of copper nanoparticle-coated fabrics is caused by the release of 

functional fabrics into the external environments. Compared with traditional 

finishing process, electrolessly deposited copper nanoparticles could easily be 

released into the solution as Cu+ ion rather than that mixed with copper and resin 

binder. 
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Figure 7.9 X-ray diffraction patterns of the copper coating fabrics before and after 

antibacterial testing. 

7.4. Summarizes 

Two kinds of microorganism management properties of functionalized fabrics 

by polymer brushes, which can achieve the objective 5, were developed as 

follows: (a) antifouling fabrics with designable micro-nano-brush textile 

structure, and (b) antibacterial fabrics with nano-copper coating, which are 

mentioned in Chapters 4 and 5. Micro-nano-brush textile structure and peach 

finishing fabrics modified by nano-polymer brushes fibres are used as a classical 

systems to investigate the interface between microalgae/zoospores and 

biomimetic fabrics surfaces, which show structure with “multi-scale polymer 

brushes”. The synergistic antifouling effects of the micro-polymer brushes and 
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the nano-polymer brushes have been evidenced to be antifouling properties. In 

the future, testing in both static seawater and dynamic seawater, specifically in 

flowing real seawater, will be carried out. The samples with various modified 

polymer brushes, including hydrophilic, hydrophobic, amphiphilic, cationic, and 

anionic, will be systematically and comprehensively investigated through these 

proposed methodologies.  

The copper nanoparticles coating cotton fabrics demonstrate excellent 

antibacterial (E. coli and S. aureus) property, even after washing by 30 cycles. 

The long durable character is caused by the slowly release effectiveness of Cu 

ions captured by polymer brushes, which is an important expanded application 

in biotextile of electrolessly deposited copper nanoparticles on fabrics.  

  



157	  
	  

CHAPTER 8. CONCLUSIONS AND FUTURE WORK 

8.1 CONCLUSIONS 

In this thesis, a systematic study has been carried out to establish active 

interfaces by grafting polymer brushes on fabrics. These active interfaces are 

response to moisture, temperature, and catalyst and play as platform to 

nanostructure deposition; several functional fabrics are also developed based on 

the active interface. The knowledge gaps identified in the introduction and 

literature review have been filled by carrying out the objectives that are 

summarized below. The limitations of the work are pointed out, and future work 

is recommended.  

In Chapter 2, objective 1 was achieved by designing initiator molecular for 

SI-ATRP. Polymer brushes could be prepared by combining this designed 

initiators and the controlled living polymerization on the fabrics’ surface. the 

influence of the two kinds of initiators on the controlled growth of polymer 

brushes on the cotton fabrics were studied. The effect of the concentration of 

initiators was also investigated systematically and could found an almost 

ascending relationship between initiator density and the growth rate of the 

polymer brush formed. This study aids our understanding of surface-initiated 

polymer brushes.  

To achieve objective 2, two kinds of polymer brushes were selected to 

investigate. One is poly(N-isopropylacrylamide) brushes, which can built up 

thermal-responsive interface with water. This unique polymer brush is selected 
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because its lower critical solution temperature (LCST; 31–35 °C) is similar to 

the body’s temperature. In Chapter 3, smart systems with properties of moisture 

management and thermoregulation are fabricated by grafting thermal-responsive 

polymer on cotton surface. The grafted polymer brushes can responsively and 

reversibly control the wettability and hygroscopicity of cotton; meanwhile, the 

smart surface can switch from high water absorptive state below its LCST to 

low absorptive state above its LCST. Moreover, the obtained results show that 

cotton modifies the responsive polymer brushes system with smart moisture 

management; smart thermoregulation and latent heat dissemination have 

promising uses in smart underwear, medical fabrics with controllable drug 

release, sportswear, medical fabrics in dermatology, and wound healing. 

The second polymer brush that was introduced to fabric materials is PMETAC 

brushes. As a typical polyelectrolyte, this polymer brush can catch catalyst from 

the solution for metal and semiconductor electroless deposition. In chapter 4, the 

PMETAC brushes were grafted on natural fibres, cotton, which has abundant 

active groups. Compact metal nanoparticles are deposited on the cotton surface 

to form metal-fabric hierarchical structures. The polymer brushes served as a 

strong adhesion layer, thereby leading to excellent mechanical and electrical 

stability under extensive rubbing, bending, stretching, and washing; the 

conductivity can remain stable in air with proper choice of metal. Such 

conductive cotton yarns can be used as electrical functional wires in electronic 

circuits of powering a LED. In principle, this approach can be extended to the 

coating of metals on all natural fibres, yarns, or fabrics. The use of natural fibres 

for making conductive yarns is more environmental friendly compared with 
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those made of synthetic fibres. Such conductive articles should find a wide 

variety of applications in wearable and flexible electronics, radiation and 

electromagnet protection, energy, and biomedical industries. 

To exploit the applicability of this polyelectrolyte brush-bridged metal 

nanoparticles deposition method on non-natural fabrics, plasma-assisted grafting 

polymer brushes were developed in Chapter 5. First, the PET fabrics were 

pretreated by plasma to generate active chemical groups, as confirmed by the 

significant decreases in contact angle and increase in surface energy. PMETAC 

brushes were then grown from the active PET surface by surface initiated by 

ATRP, which acts as a platform for ELD of copper particles deposited to form 

polymer bridges copper-PET hierarchical structures. This in situ deposition 

approach ensures that the copper nanoparticles could distribute uniformly and 

continuously on the surface of PET fabric structure. These formatted conductive 

PET fabrics are highly durable in conductivity because the grafting polymer 

brushes act as effective bond layer, which leads to excellent electrical stability 

under bending, stretching, and washing. Such manufactured conductive fabrics 

can be used as electrical conductor to power a LED. In principle, this copper 

coating method could be extended to the coating of metals on other synthetic 

fabrics, polymer films, and bulk polymer materials. Such conductive fabrics 

could develop a wide variety of applications in wearable and flexible electronics, 

radiation and electromagnet protection, energy, and biomedical industries, and it 

also provides also an excellent alternative method to obtain metal coating on 

polymer substrates. Furthermore, MACP is a new printing strategy that allows 

for the simple fabrication of high-performance flexible, foldable, and stretchable 
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metal conductors on a wide variety of substrates at room temperature. The key 

innovation of MACP is the use of matrixes (both delivering and receiving) to 

carry and immobilize the catalysts on the substrates, thus the subsequent ELD 

can be carried out site-selectively to yield highly conductive metal conductors. 

MACP is a versatile strategy in the following aspects. 1) It is compatible with 

many printing methods by simply tuning the amount of delivering matrix 

polymer for specific ink requirement, hence fabricating features with sizes 

ranging from sub-micrometer to micrometer, centimeter, and even meter scales. 

Therefore, MACP is suitable for experimental prototyping (e.g., using inkjet 

printing and DPN), as well as high-throughput fabrication (e.g., screen printing). 

2) MACP is compatible virtually with any fabric substrate by modifying the 

substrate with the receiving matrix polymer brushes. The metal conductors 

fabricated by MACP can be readily used for flexible, foldable, and stretchable 

electronics. Therefore, it shows remarkable application potentials for plastic 

electronics, smart textiles, electronic skins, and biomedical implants and 

devices. 

In Chapter 6, to achieve the objective 4, UV functional materials, ZnO nanorods, 

were successfully electrolessly deposited on cotton fabrics, and polyelectrolyte 

brushes play as supported catalyst capture interface. There is a dynamic 

deposited process with increasing mesh densities according to the deposited time 

increasing. The SEM observation shows the deposited ZnO with hexagonal 

prism crystallites structure and the nanostructure with compact distribution. 

Dramatically, the ZnO nanostructure not only on the outer surface of fibers but 

also grow on fiber-inner surface of the fibres hole, which will lead to long-term 
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durability and wash-fitness. The UV blocking properties have been investigated 

by the optical spectroscopy and the as-made fabrics show effective protection 

against UV radiation. Compared with other techniques, the main advantage of 

the polymer brushes assistant ZnO nanorod deposition is durability and wash 

fitness. The ZnO crystals spread on each corner of the fiber surface, from the 

outer to the inner. This particular wide attribution avoid the functional ZnO 

could be easily removed through friction and washing. The ZnO nanorods 

functionalized cotton textile has prospective applications in outdoor clothing, 

medical protective clothing and self-cleaning clothing to specific products in 

daily life or medical fields. 

Chapter 7 achieved the objective 5 and manufactured fabrics with structure of 

micro-nano-polymer brushes modification, and investigated the microorganism 

management properties of functionalized fabrics. It demonstrates two kinds of 

microorganism management properties of functionalized fabrics by polymer 

brushes that were developed as follows: (a) antifouling fabrics with designable 

micro-nanobrush textile structure, and (b) antibacterial fabrics with nanocopper 

coating, which are mentioned in Chapters 4 and 5. Settlement assays with 

microalgae/zoospores indicated that the multiscale polymer brushes could 

effectively resist the settlement of microalgae/zoospores. Antibacterial fabrics 

show an important expanded application of electrolessly deposited copper 

nanoparticles on fabrics. In the future, the tests in both static and dynamic 

sea water, specifically in dynamic sea water, will be carried out. The samples 

with various polymer brushes modified, including hydrophilic, hydrophobic, 

amphiphilic, cationic, and anionic, will be investigated systematically and 
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comprehensively through these proposed methodologies.  

8.2 SUGGESTIONS FOR FUTURE WORK 

Although the successes summarized in this thesis provide potential ways to 

fabricate highly flexible and stretchable electronics, this field is still at an early 

stage of development. Only several polymer brushes are demonstrated to date; 

therefore, the polymeric active interface can be fabricated by grafting other 

types of polymer brushes. Second, current applications of metal coatings and 

patterns through surface-grafted polymer-assisted ELD are limited to simple 

conducting wires and electrodes; thus, many demonstrations of the applications, 

such as robotic skins, sensors and actuators, medical implants, energy storages, 

and wearable electronics, are expected to be developed in the future. 

Other functional properties of these functional nanostructures deposited on 

fabrics, such as bacteriological management, far infrared management, and 

photo-catalytic performance, should be investigated in future work. A series of 

functional fabrics should also be developed and exploited. 

Based on this novel system of developing novel functional fabrics, other 

responsive polymer brushes could be introduced into this system to construct 

multifunctional interface. The family of responsive polymer brushes is large and 

could form various active interfaces; meanwhile, many novel functional fabrics 

could be exploited for use in the methodology mentioned in this thesis.  
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