
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Plasma modification of textiles: understanding the mechanisms
involved

Citation for published version:
McCoustra, MRS & Mather, RR 2019, 'Plasma modification of textiles: understanding the mechanisms
involved', Textile Progress, vol. 50, no. 4, pp. 185-229. https://doi.org/10.1080/00405167.2019.1637115

Digital Object Identifier (DOI):
10.1080/00405167.2019.1637115

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Peer reviewed version

Published In:
Textile Progress

Publisher Rights Statement:
This is an Accepted Manuscript of an article published by Taylor & Francis in Textile Progress on 21/8/2019,
available online: http://www.tandfonline.com/10.1080/00405167.2019.1637115

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1080/00405167.2019.1637115
https://doi.org/10.1080/00405167.2019.1637115
https://researchportal.hw.ac.uk/en/publications/36ae5378-ce12-4f72-8d89-d2ef1a164c77


1 
 

Plasma modification of textiles: understanding the mechanisms 
involved 

 

M. R. S. McCoustra & R. R. Mather 

School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, 
EH14 4AS, Scotland 

 

ABSTRACT 
Plasma treatments are acquiring growing commercial recognition as a highly 
practical means of altering the surface properties of textiles without detriment to their 
bulk properties.  It is clearly desirable that processing conditions are formulated as 
accurately as possible, so that fewer trials are required to achieve a desired 
outcome.  We discuss how better formulation is achievable from a clearer 
understanding of the mechanisms comprising the plasma process.  This improved 
understanding comes from not only analysing surface chemical and topographical 
changes resulting from a plasma treatment, but also monitoring key processes taking 
place during the treatment.  Furthermore, we highlight the application of 
computational approaches, statistical experimental design and process control as 
supporting tools and highlight the role that artificial intelligence may play in the 
future.  We also consider three specific plasma treatments of textiles and propose 
how examples of these approaches extracted from the literature may be combined, 
to achieve more realistic formulations. 

Keywords 

plasma, fibre, surface, spectroscopy, microscopy, Langmuir probe, statistical 
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1. Introduction 
In 2007, over ten years ago, the book “Plasma Technologies for Textiles” [1] was 
published.  In its introduction Roshan Shishoo, the editor, highlighted the enormous 
potential of plasma technologies for improving textile processing, enhancing textile 
properties and broadening textile applications.  Chapter 2 of the book, by James 
Bradley and Paul Bryant [2], emphasised the use of plasma diagnostic tools as 
essential for the understanding and development of plasma technologies.  With 
these tools, Shishoo noted, not only could plasma technologies be operated most 
efficiently, but conditions could be much more readily formulated for a particular 
process.  In a review published in “Textile Progress” by Kan and Yuen [3] in the 
same year on plasma technology in wool, it was noted too that processing 
parameters in plasma treatments are highly system dependent: a successful 
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formulation devised for one system will usually need to be modified for the same 
treatment in another system.  In this present review, we consider the approaches 
available now to progress the understanding of plasma treatments of textiles and 
indicate how these approaches, when used in conjunction, can progress the 
formulation of processing parameters for a desired plasma treatment in a particular 
system. 
 
Gas plasma treatments produce changes to the surface properties of a solid without 
altering its bulk physical and mechanical properties.  The technique was introduced 
half a century ago and has steadily been gaining traction since then.  More recently it 
has been given additional impetus by the development of large-scale equipment, so 
that the technique has become widely applied in a number of commercial sectors. 
 
Perhaps the best known, and certainly the oldest sector, to embrace plasma 
technologies is microelectronics; in particular for etching and deposition of thin films 
[4,5].  Plasma can be used too to enhance chemical vapour deposition (CVD) [6].  
CVD enables coatings to be prepared from volatile precursors by chemical reaction 
and is widely used in the fabrication of semiconductor devices.  Other important 
examples of plasma applications include surface treatment of polymers [7], paper 
[8,9], biomaterials [10] and the production of flexible packaging [11].  A recent paper 
even describes a plasma assisted one-step process for producing tiny capsules 
containing antibiotics [12]. 
 
Plasmas can be generated in a variety of different ways.  For example, different 
types of power supply can be used to generate plasma [1], including: 
 
 low frequency (LF), 1-500 kHz; 
 radio-frequency (RF), 2-60 MHz, often 13.56 MHz or 27.12 MHz; 
 microwave (MW), 915 MHz or 2.45 GHz. 
 
The power needed to deliver a plasma treatment depends on the nature of the 
treatment and the size of the plasma reactor.  Plasmas may be delivered 
continuously or in a series of intermittent pulses. 
 
Both low pressure and atmospheric pressure technologies are available.  Low 
pressure systems usually operate at pressures in the range 1-100 Pa (0.01-0.10 
mbar) and in the RF or MW range.  They are generally more expensive to install and 
operate, because of the need to attain and then maintain low pressure.  On the other 
hand, low pressure systems tend to provide more uniform and reproducible 
treatments.  In addition, they use far less gas, an aspect that is especially important 
for expensive gases.  Low pressure systems are less amenable to continuous 
processing, though continuous roll-to-roll systems can be constructed where the 
unwind and rewind rolls are located outside the plasma reactor.  A further 
consideration is the evaporation of water from textiles at low pressure, especially 
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from textiles containing natural fibres.  This aspect is illustrated in Section 9.3 of this 
review.  A detailed discussion of low pressure systems has been given by Lippens 
[13]. 
 
Atmospheric pressure systems fall broadly into three categories: corona discharge, 
dielectric barrier discharge (DBD) and atmospheric pressure glow discharge 
(APGD).  These systems are very fully discussed by Herbert [14].  Corona 
discharges are seldom used for textile treatments, being too weak and 
inhomogeneous.  Many fabrics are too thick for successful treatment with a corona 
discharge.  Two forms of DBD exist: filamentary and homogeneous.  Plasmas 
generated by filamentary DBD are not truly continuous, and the textile substrate is 
therefore not uniformly treated.  Careful adjustment of processing controls can lead, 
however, to a homogeneous DBD, which provides a much more uniform treatment. 
 
APGD systems possess many of the qualities of low pressure systems, for example 
in mode of generation and uniformity of textile treatment, but without the need to 
attain low pressures.  A drawback is that the discharge is usually generated in 
helium, an increasingly scarce and expensive resource, though argon and even 
nitrogen can sometimes be successfully used instead.  The disadvantage of helium 
can be largely overcome by recycling the gas through adjacent ancillary equipment. 
 
It is evident that the individual equipment used is highly influential on the plasma 
treatment conferred.  There are several important control factors.  Apart from the 
composition of the plasma source gas and the type of textile, these factors include 
the pressure of the gas in the chamber – and any fluctuations in it, the power and 
frequency of the electrical supply, the duration of the treatment and the rate of flow of 
gas into the reactor.  A process formulation that is successful in one system may 
well, therefore, have to be modified for another system. 
 
The actual application of plasma treatments to textiles has been fully described 
before [1] and so does not need to be covered in detail in this review. The plasma 
technique offers a clean, dry approach that uses considerably less energy than 
traditional wet treatments.  Depending on their nature, plasma treatments can render 
changes in hydrophilicity or hydrophobicity [15], assist dyeing [16,17], enhance the 
shrink resistance of wool [16], and promote flame retardancy, abrasion resistance, 
ballistic protection and many other technologically desirable properties [18,19].  
Plasma treatments can be used on biomedical textiles: notably, sterilisation by 
inactivating infectious micro-organisms present on a fabric surface [20], and the 
adaptation of fabric surfaces so that they can anchor biological molecules to render a 
textile more biocompatible [21,22].  Another important advantage offered by plasma 
treatments is the increased scope for grafting polymers onto textile fibre surfaces 
[23-25].  Grafting not only permits the nature of the surfaces to be altered to suit the 
application for which the textile is intended; it also opens up the scope for further 
applications of the textile not available to it using traditional surface treatments and 
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can help in rendering textile surfaces more durable.  Informative surveys of some of 
the practical applications of plasma treatments on textiles have been published by 
Morent et al. [26] and Zille et al. [27]. 
 
It is clear then that the plasma technique offers huge potential to textile technology 
and, in particular, to commercial textile processing and manufacture.  A number of 
European Union projects have, for instance, been undertaken to encourage textile 
companies to adopt plasma technology.  Examples are: 
 
PLASMAPOR (2012-2017): Plasma penetration into porous materials for biomedical, 
textile and filtration applications [28].  Outcomes included: 
 

Development of an atmospheric plasma jet that could penetrate into 
flexible tubes constructed for medical applications; 

 
Demonstration of the positive influence that plasma treatment can have 
on cell adhesion and multiplication in porous scaffolds; 

 
Development of a plasma coated textile for the immobilisation of the 
enzyme, laccase, as a filter for decolourising dyes; 

 
Studies of stimuli-sensitive poly(N-isopropylacrylamide) grafted 
surfaces for wound dressings. 

 
POWER (2013-2016): Atmospheric plasma treatment for enhancement of textile 
surfaces for more efficient treatment processes [29].  One outcome was: 
 

Development of a tailor-made roll-to-roll plasma treatment machine that 
was tested in real manufacturing conditions, with a specific emphasis 
on car seat upholstery. 

 
ACTECO (2005-2009): Eco-efficient activation of hyper functional surfaces [30]. A 
major outcome was claimed to be: 
 

The design and operation of new plasma processes which can provide 
surface finishes that are durable during the lifetime of a textile product. 

 
PLASMATEX (2016-): Investigation of new types of silver-containing antibacterial 
coatings on medical textiles.  The project involves the plasma assisted deposition of 
these coatings to control the release of an antibacterial agent [31]. 
 
There was also an EU-funded project, 2BFUNTEX (2012-2015), for “boosting 
collaboration between research centres and industry to enhance rapid industrial 
uptake of innovative functional textile structures and textile-related materials in a 
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mondial [worldwide] market”; plasma technology played an important part in this 
project [32]. 
 
Nevertheless, despite such initiatives there appears to have been reluctance by 
many textile companies to embrace plasma technology at a commercial level.  This 
reluctance may stem not just from the investment needed to acquire and operate 
plasma equipment but also from lack of familiarity and appreciation of the benefits 
that plasma treatments can bring.  Moreover, technological innovation in a company 
will generally require management innovation as well, and so the structure and 
operation of a company may well have to be changed.  The link between 
technological innovation and management innovation has recently been extensively 
analysed by Hervas-Oliver et al. [33].  Thus, the adoption of any major new 
technology, even a successful one such as plasma technology, may be viewed as a 
significant hurdle, even though plasma machinery that can be used for the industrial 
treatment of textiles is widely available.  For example, low pressure systems are 
offered on the market by: 
 

P2i (P2i Limited, Milton Park, Oxfordshire, UK) – a pulsed plasma 
process, focussed on all liquid repellency but expanding into a range of 
functional nano-coatings;  

 
Europlasma (Europlasma NV, Oudenaarde, Belgium) – water/oil 
repellent coatings and other functional ultra-thin coatings; 

 
Henniker Plasma (Henniker Plasma Treatment, Runcorn, UK) – 
activation of surfaces for several applications, including liquid 
repellency, improved wettability, enhanced fibre-matrix adherence and 
specific surface functionalities. 

 
Atmospheric plasma systems are available from companies such as: 
 

AcXys (AcXys Technologies, Grenoble, France) – surface treatments 
of textiles, for e.g. packaging, medical applications, technical wear; 

 
Ahlbrandt® (Ahlbrandt System GmbH, Lauterbach, Germany) – corona 
treatments designed for coating and laminating narrow webs; 

 
Arioli® (Arioli® SPA, Gerenzano, Varese, Italy) – general finishing of 
textiles; 

 
APJet® (APJet®, Morisville, North Carolina, USA) – applications 
including water/oil repellency, biomedical applications, outdoor wear, 
flame retardancy, protective and safety wear; 
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MTIX (MTIX Limited, Huddersfield, UK) offers ‘Multiplexed Laser 
Surface Enhancement’, which the company markets as a combination 
of plasma and ultra-violet laser technologies; 

 
Tri-Star Technologies (Tri-Star Technologies, El Segundo, California, 
USA) – predominantly medical, pharmaceutical and aerospace 
applications. 

 
Clearly, the market for plasma machinery has become well established.  In addition, 
there are products available for in situ plasma analysis (discussed in Section 5 of this 
review), e.g. from Hiden Analytical (Hiden Analytical Limited, Warrington, UK) and 
Air Products (Air Products PLC, Walton-on-Thames, - Regional HQ, UK).  
 
As highlighted above, the nature of the plasma modification of a textile surface 
depends on a number of control factors.  Nevertheless, despite all these disparate 
factors, several effects can be broadly identified.  One of these is etching of fibre 
surfaces: the texture of the surface, and hence for example fibre wetting properties, 
is altered.  Another important effect is the modification of a fibre’s surface chemistry, 
through the introduction of particular chemical functional groups.  Still another effect 
is plasma polymerisation, whereby very thin polymeric coatings are formed on the 
fibre surface.  In many cases, these coatings possess highly cross-linked structures.  
Surface chemical changes and plasma polymerisation will nearly always be 
accompanied by changes in surface texture.  The effects of some of the gas plasmas 
commonly applied to textiles are shown in Table 1. It should be noted that after a low 
pressure treatment, subsequent exposure of the treated sample to the atmosphere 
may trigger further changes to the fibre surfaces. 
 
To better understand plasma treatment processes, one must consider the nature of 
plasmas and the mechanisms by which they alter textile surfaces.  When a 
sufficiently large voltage is applied across a space containing a gas, the gas will 
break down into a mixture of ions, electrons and excited neutral atoms and 
molecules.  The interactions of these species that may occur with one another and 
with the textile to be treated are consequently highly numerous.  In addition, a thin 
neutral sheath is created between the plasma and the textile fibre surfaces, with the 
result that electrons tend to be reflected back into the plasma and ions are 
accelerated towards the surfaces [34].  It should also be taken into account that, in 
contrast to low pressure plasmas, atmospheric plasmas are likely to have a low 
concentration of ions and excited neutral species and may heat the textile substrate 
[7].  On the other hand, the plasma will be better able to penetrate the fibre 
interstices [35,36]. 
 
It is not surprising that, given the complexity of the species comprising a plasma, a 
huge number of reactions between them are possible [34], and just a few of these 
are shown in Table 2.  In addition, a large number of reactions between the plasma 
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species and the textile fibre surface also appear possible (exemplified in Table 3), 
and it is these that will govern the nature of the treated fibre surface.  Differences of 
behaviour between the plasma species in the gas phase and at the fibre surface also 
have to be taken into account [37].  Moreover, the topographical and chemical 
heterogeneity of the fibre surfaces, particularly in most natural fibres, will have 
significant influences, and the extent of a plasma treatment on a fabric can be 
uneven, depending on the nature of the fabric’s construction [38].  For example, a 
treatment can be more pronounced at the edge of a fabric than elsewhere on it [39]. 
 
It is clear, therefore, that a quest to elucidate so many reactions for every individual 
plasma treatment applied to a textile fabric would be highly impractical.  On the other 
hand, a full elucidation is unlikely to be needed to gain a detailed understanding of 
the important underlying mechanisms, since some reactions will be much more 
significant than others.  Indeed in the examples discussed later in this review 
(Section 9), only a few key species appear to have significant reactions with the fibre 
surface, though the rate of reaction with the surface may well depend on the other 
plasma species present.  The level of understanding necessary in practice is one 
that ensures that treatment conditions can be better formulated, with consequently 
fewer trials to achieve a particular desired result. 
 
In this paper, we briefly survey the approaches that are available to better 
understand the mechanisms behind plasma treatments of textiles.  A number of 
different approaches can be brought to bear, often in combination.  The most widely 
reported approaches are concerned with topographical and chemical analysis of the 
fibre surface by advanced microscopic and spectroscopic techniques.  The ability to 
identify key species in the plasma chamber and to follow changes in their 
concentrations during a treatment process is also important. More recent 
approaches utilise computer modelling.  In addition, statistical experimental design 
and analysis is now being applied, particularly to determine the most significant 
chemical processes underpinning a plasma treatment.  The application of artificial 
intelligence techniques, like artificial neural networks and genetic algorithms, could 
also eventually play a part.  In Section 9, we consider three specific plasma/textile 
systems, and show how examples of these approaches taken from the literature may 
be combined, with the goal of obtaining more predictable and reproducible results. 
 
2. Topographical analysis of plasma-treated textiles 
2.1 Brief introduction 
Changes to the topographical nature of a textile fibre surface after plasma treatment 
can be readily revealed using microscopic techniques comparing the fibre’s 
appearance before and after the treatment.  Amongst the most widely used of these 
techniques are scanning electron microscopy and atomic force microscopy.  
However, it should be borne in mind that any microscopy involves localised analysis 
that is confined to a very small area of the fibres under investigation.  The analysis of 
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this area may therefore not always be representative of the whole fibre, and still less 
of the fabric of which the fibre is a constituent. 
 
2.2 Scanning electron microscopy (SEM) 
SEM is well established and has been commercially available for fifty years or more.  
Details of the application of the technique to textiles are widely available [40-42]. 
High resolution images of at least ×104 magnification are achievable, with a large 
depth of field.  A limitation of the technique for non-conducting samples, such as 
most polymers and textiles, is the need to apply a very thin layer of a metallic coating 
to provide a path for the discharge of electrons.  Without this coating images of poor 
quality are obtained.  Numerous examples of the application of SEM in studies of 
plasma treated textile surfaces have been reported, some of them more than twenty 
years ago [43-45].  More recently published examples include: 
 

Improvements to the dyeing of polyethylene terephthalate (PET) fabric 
[46]. SEM demonstrated that roughening of PET fabric surfaces after 
atmospheric pressure oxygen plasma treatment was a contributing 
factor to improved wetting and dyeing capabilities. 

 
Improvements to the ink-jet printing of PET fabric [47]. SEM revealed 
the distribution of pigment particles on the surfaces of PET fabrics after 
their exposure to atmospheric pressure air/helium plasma.  The nature 
of the pigments was not specified. 

 
Etching of nylon 6:6 fibres [48].  A variety of surface nanostructures 
was observed by SEM on nylon 6:6 fibres after treatments with low 
pressure oxygen plasma, which improved wettability, notably for 
filtration applications. 

 
Improvements in antibacterial activity of nylon 6 fibres [49].  SEM 
revealed slight roughening of nylon 6 fibres after exposure to 
atmospheric air plasma.  The uptake of the natural yellow antibacterial 
cationic dye, berberine, was increased, especially if the fibres had been 
treated with copper sulfate mordant after exposure to plasma. 

 
Improved antistatic properties in acrylic fibres [50]. SEM showed the 
formation of grooves along the length of acrylic fibres after exposure to 
nitrogen plasma at low pressure.  Considerably improved wettability 
and antistatic capability were observed.  XPS results from this paper 
are summarised in Section 3.3. 

 
Grafting polymers to promote dyeability of polypropylene fabric [51].  
Atmospheric pressure argon plasma treatment was shown by SEM to 
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roughen the surfaces of polypropylene fibres, prior to their being 
grafted with compounds that then enable a degree of dyeing with 
selected acid and cationic dyes. 

 
Improved adhesion between polypropylene fibres and matrices in 
cementitious composites [52]. SEM showed that extensive treatment of 
polypropylene fibres with low pressure argon and oxygen plasmas 
gave rise to some roughening of the fibre surfaces.  Increased flexural 
strength and toughness of the composites were observed with the 
treated fibres, and attributed to improved fibre-matrix adhesion. 

 
Improvements to the dyeing behaviour of cotton [53].  SEM revealed 
abrasion of cotton fibre surfaces as a result of atmospheric pressure air 
plasma treatment and the appearance of fibril-like formations following 
treatment with dichlorodifluoromethane plasma.  The authors state that 
these formations contribute to the highly hydrophobic fibre surfaces. 

 
Plasma modification of viscose textile [54].  SEM revealed roughened 
fibre surfaces after treatment with low pressure oxygen and hydrogen 
plasmas, whereas no obvious roughening was detected after exposure 
to nitrogen plasma. 

 
Improvements in hydrophilicity and bleaching behaviour of linen-
containing fabrics [55].  Linen, linen/cotton and linen/viscose fibres 
were examined by SEM after atmospheric plasma treatments with 
oxygen, air and nitrogen.  Fibres exposed to oxygen and air plasmas 
exhibit clear etching.  There was also some surface roughening after 
exposure to nitrogen plasma. 

 
Characterisation of plasma-treated cashmere and wool-cashmere 
textiles [56].  SEM showed only a very small effect on the morphology 
of the fibres after their exposure to atmospheric pressure humid air 
plasma, although chemical analysis revealed fibre surface oxidation. 

 
Improved absorption of lac dyes by silk [57].  Silk fibre surfaces were 
shown to be roughened by exposure to argon and oxygen plasmas.  
The plasma treatments improved the capacity of silk for absorbing lac 
dye, a red dye extracted from scale insects and applied to silk and 
wool. 

 
These references well illustrate the range of uses to which plasma technology can 
be put and provide some insight into the morphological changes which contribute to 
the overall effects that plasma treatment may bring about.  Moreover, many of the 
techniques described below, such as AFM, XPS and FTIR, were also used in these 
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examples.  Most analyses are qualitative, in that they compare visual images of 
fibres before and after a particular treatment.  However, software exists to measure 
changes in roughness and fractal parameters, although these parameters seem 
seldom to have been determined; examples include MeX by Alicona (Alicona GmbH, 
Graz, Austria) and MountainsMap® by DigitalSurf (Besançon, France).  A paper 
illustrating how surface roughness can be measured and analysed using SEM has 
been written by Paluszynski and Slówko [58]. 
 
An important advance in SEM has been the development of environmental scanning 
electron microscopy (ESEM) [59].  In contrast to SEM, evacuation of the sample is 
not required and there is less need for a metallic coating.  Wei et al. [42] have 
pointed out that a major drawback to conventional SEM is the inability to examine 
specimens in the wet state, a difficulty that ESEM largely overcomes.  Nevertheless, 
the use of ESEM does not appear to be extensively reported in the textile literature, 
although Tao and Collier [60] highlighted its potential for examining textiles a quarter 
of a century ago. Studies of changes in the wetting behaviour of nylon 6 nanofibres 
as a result of plasma treatment have been followed using ESEM [61], as has the 
effect of oxygen plasma treatment to remove organic size from ceramic fibre 
surfaces [62]. 
 
ESEM can also be used to observe dynamic processes, at the µm scale.  For 
example, Wei et al. [42] have examined the progress of the absorption of water by 
alginate fibres.  No water droplets are formed on the fibre surfaces, even at 100% 
relative humidity.  Instead significant increases in fibre diameter can be progressively 
observed.  Wei & Wang [63] have reported how the installation of a micro-tensile 
stage in an environmental scanning electron microscope can also allow dynamic 
tensile behaviour to be observed under controlled conditions. 
 
2.3 Atomic force microscopy (AFM) 
AFM is a member of an extensive family of scanning probe microscopies and is now 
by far the most applied of them in the analysis of textile surfaces.  The surface of the 
textile sample is scanned with a sharp tip a few µm long, typically made of silicon 
nitride, at the end of a cantilever.  The probe is operated by an intricate control 
system, with the tip so close to the surface that changes in van der Waals forces are 
readily detected.  From measurements of the forces generated between the sample 
and the tip during scanning, the contours of the surface are mapped and images can 
be produced.  Indeed, AFM is now so sophisticated that it can be used to break 
molecular bonds and move atoms around on a surface [64].  A technique sometimes 
used in conjunction with AFM, lateral force microscopy (LFM), which measures 
lateral deflections of the scanning tip, has also been applied successfully to textiles 
[65].  More detailed descriptions of AFM in the study of textile surfaces are available 
elsewhere [42,66]. 
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A particular advantage of AFM is that no surface treatment is required prior to 
imaging, and yet it potentially provides substantially higher morphological detail than 
SEM.  Moreover, a sample can be imaged in air at atmospheric pressure, and even 
in water.  A variety of papers have been published demonstrating the use of AFM to 
analyse the surfaces of plasma treated textiles, including: 
 

Wetting behaviour of plasma treated PET fibres [67].  AFM showed the 
progressive roughening of PET fibre surfaces with increasing exposure 
to low pressure oxygen plasma.  Initially, aggregates are formed on the 
surfaces but prolonged exposure produced marked etching. 

 
Improved adhesion of poly(pyrrole) to PET fabric and conferment of 
electrical conductivity [68].  A progressive increase in the root mean 
square surface roughness of PET thin films and fabric was observed by 
AFM with increasing duration of a low pressure oxygen plasma 
treatment. Fig 1 shows the sequence of AFM images obtained. The 
roughness of the surface also appears more uniform after longer 
treatments.  The increased roughness was a contributing factor to 
improved adhesion of poly(pyrrole) on the fabric. 

 
Modification of the surfaces of nylon 6 nanofibres [61].  AFM revealed 
the formation of nanosized structures on electrospun nylon 6 
nanofibres on exposure to low pressure oxygen plasma.  Longer 
exposures also resulted in the formation of grooves on the fibre 
surfaces.  The topographies influence the shapes of the water droplets 
condensed on the fibres. 

 
Improvement of oil and water absorbency on nylon 6 [69].  Nylon 6, 
PET and cotton fabrics were treated with helium, argon, air and oxygen 
plasmas at atmospheric pressure.  AFM revealed roughening of the 
surfaces of the fibres, with the formation of nano-sized channels along 
the fibre surface in PET fibres and at right angles to it in nylon 6 fibres. 

 
Improved performance of polypropylene meshes containing antibiotics 
[70].  Corona discharges were used to increase the loading of the 
antibiotic, ampicillin, on PP surgical meshes, and AFM revealed 
considerably roughened fibres.  Subsequently, low pressure argon 
plasma treatment was applied to allow the surface formation of 
polyethylene glycol, which permitted the higher drug loading to be 
maintained.  The roughness of the fibre surface was increased.  

 
Enhancement of adhesion strengths of polypropylene nonwoven 
fabrics [71].  After treatment with low pressure oxygen plasma, the fibre 
surfaces of nonwoven PP fabrics were observed by AFM to be 



12 
 

rougher.  There was also a considerable enhancement of peel strength 
of fabrics laminated using acrylic and polyurethane based adhesives. 

 
Improvement of wettability of cotton [72].  Cotton fabrics were first pre-
treated with oxygen, argon or hydrogen plasmas.  AFM showed 
marked roughening after all three plasma treatments, but with some 
differences in the surface morphologies. Plasma enhanced chemical 
vapour deposition (PECVD) of methane-hydrogen-argon mixtures was 
then carried out to obtain highly hydrophobic surface structures arising 
from a ‘diamond-like carbon’ (DLC) coating.  Where there had been 
oxygen and argon pre-treatments, cauliflower-like structures were 
observed by AFM. Where there had been a hydrogen pre-treatment, 
structures were formed which mirrored those present before the DLC 
coating.  

 
Effects on ink-jet printing of cotton [73].  By means of AFM 
progressively increasing roughness values were determined on cotton 
surfaces after low pressure treatments with oxygen, nitrogen, and 
sulfur hexafluoride (SF6) plasmas, respectively.  The absorption of inks 
from inkjet printing was influenced by fibre surface roughness and also 
by changes in the chemical nature of the fibre surfaces. 

 
Oxygen plasma treatment to reduce temperatures for wool dyeing [74].  
Low pressure oxygen plasma treatment on wool fabric samples was 
shown by AFM to roughen their fibre surfaces.  Longer treatments led 
to increased roughness.  Plasma treatment allowed effective dyeing at 
85oC, rather than at a temperature near boiling point normally used for 
dyeing untreated wool. 

 
Improvement of cell adhesion to silk [75].  The topography of silk fibre 
surfaces was hardly altered, if at all, when they were exposed to low 
pressure nitrogen plasma.  The accelerated adhesion of mouse 
fibroblast cells, as a result of plasma treatment, was attributed to the 
higher surface content of nitrogen and oxygen. 

 
Again, this range of papers illustrates the wide range of uses of plasma treatments 
on textiles, and indeed many of these examples also include the use of SEM.  In 
several cases, changes in the mean roughness of the fibre surface were also 
determined from the AFM images. A detailed discussion of the calculation of Wenzel 
roughness factors and the application of surface fractal analysis for analysing 
changes in the surface roughness of cellulose film as a result of exposure to oxygen 
plasma has been provided by Calvimontes et al. [76], using AFM images. Image 
Metrology (Image Metrology A/S, Lyngby, Denmark) provide market software 
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specifically for analysing surface roughness from AFM images, though the company 
states that its software can also be applied to SEM images. 
 
AFM can also be used to evaluate surface mechanical properties quantitatively at 
the nanoscale level, through the determination of so-called force-distance curves, 
although an expert AFM operator would generally be required.  These properties 
would be impossible to evaluate by SEM.  In this application of the technique, the tip 
approaches the textile surface at a known rate, until it contacts the surface.  The 
resulting deflection of the cantilever is recorded as a function of the position of the tip 
relative to the surface.  The reverse procedure is then adopted, with the tip moving 
away from the surface.  The resulting traces provide information on the mechanical 
properties of the textile surface.  A very full discussion of force measurement using 
AFM has been written by Butt et al. [77] and useful illustrations of the application of 
AFM to nanoscale mechanical performance mapping has been published by Vansco 
et al. [78].  An interesting application of force-distance analysis arises where specific 
sensors are bound to the cantilever tip.  Sensor molecules on the tip can be used to 
target molecules on the sample surface [42]. 
 
Although the determination of force-distance curves has still to find widespread use 
in studies of textile surfaces, it has yielded valuable information where it has been 
applied, notably with wool fibre surfaces [79,80].  Surface mechanical properties will 
almost certainly be altered by a plasma treatment, especially in the case of most 
natural fibres, and force-distance analysis would provide a means of assessing these 
changes.  Such changes could, for example, be exploited to influence sensory 
aspects of fabric handle [81].  There are, however, some inherent difficulties with the 
analysis of force-distance curves [80].  One particular problem lies in determining the 
extent of interaction between the tip and the sample, from which the modulus of the 
sample is calculated.  In addition, there are uncertainties in the methods available to 
determine the spring constant of the cantilever.  Nevertheless, comparisons between 
untreated samples and those that have been given a treatment, such as a plasma 
treatment, can yield valuable information about any changes in surface mechanical 
properties.  AFM can also now be coupled with bulk measurements of fibre electrical 
and mechanical properties, but we are not aware of this approach being used yet on 
textiles. 
 
3. Surface chemical analysis of plasma-treated textiles 
3.1 Brief introduction 
Chemical changes to fibre surfaces as a result of a plasma treatment can be 
followed using a number of techniques.  Prominent amongst these are secondary ion 
mass spectrometry (SIMS), X-ray photoelectron spectroscopy (XPS) and Fourier 
transform infrared (FTIR) spectroscopy [66,82,83].  Full accounts of these 
techniques are included in a book by Vickerman & Gilmore [84].   
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3.2 Secondary ion mass spectrometry (SIMS) 
SIMS possesses the advantages of extreme sensitivity towards a surface and hence 
the capability of identifying a wide variety of functional groups.  An excellent review 
has been written by Delcorte et al. [83] of the application of SIMS to the study of 
plasma treatments of organic surfaces, such as the surfaces of most textile fibres.  
The surface is bombarded in vacuo by a focused beam of primary ions.  This 
bombardment causes the release not only of atoms and molecular fragments from 
the surface but also of a small proportion of secondary ions.  The mass/charge ratios 
reveal the nature of the individual chemical constituents at the surface.  Analysis of 
the secondary ions is normally conducted in a time-of-flight (TOF) analyser which 
separates the ions according to their time of flight from the sample to a detector.  
SIMS has also recently been applied to depth profiling, in which chemical groups just 
under the surface up to a depth of 5 nm or more can additionally be identified.  Depth 
profiling on a number of polymers has been reported [83].  However, whilst SIMS is 
useful for identifying the individual chemical constituents of a surface, it is less 
reliable for determining their relative proportions, as the fraction of ions released 
from the surface will vary from one type of ion to another.  For this reason, SIMS is 
often applied in conjunction with XPS (discussed in the next section).  To the 
authors’ knowledge, only a few examples of plasma-treated textiles investigated 
using SIMS have been published, e.g. by Naebe et al. [85] and Panda et al. [86], a 
consequence perhaps of the expensive equipment required.  Detailed accounts of 
TOF-SIMS have been compiled in a book edited by Vickerman and Briggs [87]. 
 
3.3 X-ray photoelectron spectroscopy (XPS) 
XPS is now a well-established quantitative analysis technique for determining the 
elemental composition of a surface and the chemical and electronic states of these 
elements.  XPS analysis can be restricted to the top 2 nm of a surface, but by means 
of etching processes chemical characterisation up to a depth of 10 nm can be 
achieved.  Like SIMS, XPS is performed in vacuo, though recent developments in 
the technology have driven up the upper pressure limit to ca. 10 mbar.  
 
XPS spectra are obtained by irradiating the surface with a beam of monochromatic 
X-rays.  As a consequence electrons are emitted from the surface and their kinetic 
energies are analysed.  A spectrum is determined from a count of the emitted 
electrons over a range of kinetic energies.  The intensities of the peaks at particular 
energies allow the elements at the surface to be identified and relative abundances 
to be determined.  Deconvolution analysis of individual peaks reveals the chemical 
and electronic states of the elements.  A very useful account of the characterisation 
of plasma-modified surfaces by XPS has been published by Vandencasteele and 
Reniers [88].  These authors emphasise, however, that XPS is insufficient for plasma 
polymerised films, and that other techniques such as SIMS and FTIR (see Section 
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3.4) are also required.  A number of the papers already cited in Sections 2.2 and 2.3 
include the application on XPS.   Other papers include: 
 

Surface modification of polyester fabrics for inkjet printing [89].  XPS 
showed an increase in the oxygen content of PET fabric surfaces after 
their exposure to atmospheric pressure plasmas consisting of air and 
10% argon.  Inkjet printing with pigment inks of the treated fabric 
surfaces gave enhanced colour yields and much improved print 
sharpness.  The nature of the pigments was not disclosed. 

 
Air plasma treatment of polyester textiles [90].  Increases in the 
contents of hydroxyl and carboxyl groups at the surfaces of PET film, 
woven and nonwoven fabrics were revealed by XPS.  The creation of 
these extra polar groups enhanced the adhesion of two 
poly(dimethylsiloxane) resins to the substrates. 

 
Surface modification by plasmas of nylon 6 fibres and films [91].  Nylon 
6 fibres were treated with plasmas containing nitrogen and ethyne 
(acetylene) in helium at atmospheric pressure.  XPS showed increases 
in the hydroxyl and carboxyl contents of the fibres.  The treated fibres 
and films appeared quite resistant to ageing.  
 
Plasma treatment of polypropylene fabric to promote dyeability with vat 
dyes [92].  XPS demonstrated some oxidation of the PP fibre surfaces 
after atmospheric pressure treatment with argon or air, which the 
authors attribute largely to exposure of air following plasma treatment.  
The surface nitrogen content also increased.  For leuco-form 
application of a vat dye, better dyeing was obtained after argon plasma 
treatment.  For application of a dye in pigment form, an air plasma 
treatment was more effective. 

 
Surface properties of plasma treated acrylic fibres [50].  After treatment 
with nitrogen plasma at low pressure, the surfaces of acrylic fibres had 
a reduced content of nitrile (-CN) and ester groups and a virtually 
unchanged content of methylene and methyl groups.   New amide and 
carboxyl groups appeared, probably from conversion of nitrile and ester 
groups respectively. SEM results from this paper have been 
summarised in Section 2.2. 

 
Preparation of hydrophobic viscose fabric using a nitrogen plasma 
treatment [93].  After a low energy atmospheric pressure nitrogen 
treatment, viscose fabric became, perhaps surprisingly, more 
hydrophobic.  From XPS data, it was concluded that large numbers of 
hydroxyl groups had been removed from the surface.  Increased 
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roughness of the surface was also observed.  Binding of copper (II) 
cations to the plasma-treated surface conferred a ‘petal effect’, 
whereby drops of water adhered to the fabric surface when the fabric 
was turned upside down. 

 
These examples illustrate the prominence of XPS in analysing chemical changes at 
fibre surfaces resulting from plasma treatments.  Indeed many of the papers cited in 
Sections 2.2 and 2.3 also include XPS analysis. 
 
3.4 Fourier Transform Infrared (FTIR) Spectroscopy 
Infrared spectroscopy has been a standard analytical technique for 80 years or 
more.  An infrared spectrum displays the frequencies of vibrations in the bonds 
between the atoms comprising the sample being studied.  The technique has been 
considerably advanced and simplified by the introduction of Fourier Transform 
instrumentation in the early 1980s.  In FTIR individual chemical groups, for example 
C=C, C-O and O-H, can be observed at characteristic fingerprint wavelengths. 
 
Using reflectance techniques, infrared analysis of surfaces can also be undertaken.  
The appearance and diminution of surface chemical functional groups as a result of 
plasma treatment can be detected with suitable instrumentation, and specific 
bonding characteristics at the surface can then be determined.  However, some 
reports of the application of FTIR suggest that it can reveal little or no information 
about the surface chemical changes resulting from plasma treatment [94,95], though 
this difficulty may arise from the level of equipment used.  Indeed, a technique 
combining AFM and infrared spectroscopy has now been developed, from which 
nanoscale infrared in conjunction with AFM images can be displayed.  The technique 
has been applied, for example, to the characterisation of single polymer nanofibres 
[96].  Examples of plasma-treated textiles investigated using FTIR are numerous, 
including several of the papers already cited above.  Other papers include: 
 

Air plasma treatment of PET fibres [97].  Atmospheric air plasma 
treatment produced some changes to the FTIR spectra of PET fibres.  
There was an increase in –CH group surface content, attributed by the 
authors to scission of PET chains.  There also appeared to be 
increases in the surface contents of –CH3 groups and –CHO groups.  
The plasma treatment improved the efficiency of a nano-emulsion 
silicone softener deposited on the PET fibres. 

 
Plasma treatments of cotton to improve surface functionality [98]. 
Cotton was treated with atmospheric air and argon plasmas, to study 
their effects on the waxes, pectins and proteins present on the fibre 
surfaces.  FTIR revealed the appearance of methylene (–CH2−) groups 
after plasma treatments, attributed to the partial decomposition of 
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waxes.  In addition, ester groups present in the pectins appeared more 
prominent after argon plasma treatment. 

 
Plasma polymerisation of hexamethyldisiloxane (HMDSO) on cotton 
fabric [99]. Atmospheric plasma polymerisation of HMDSO was carried 
out on cotton fabric.  FTIR showed that the plasma polymer contained 
Si-CH3 moieties in its structure, and the methyl (CH3-) groups conferred 
water repellency on the fabric.  The longer the exposure time to the 
plasma, the greater was the methyl content.  The methyl content and 
consequent water repellency decreased gradually with increased 
number of washing cycles. The authors state that a polymer with a high 
cross-linking density is required to improve stability. 

 
Formation of a plasma polymer of HMDSO on wool fabrics [100]. Low 
pressure PECVD was applied to produce a plasma polymer of HMDSO 
on wool fabric surfaces.  FTIR revealed the presence of Si-O and CH3- 
groups in the polymer.  The plasma polymer reduced pilling. 

 
Analysis of the effects of oxygen plasma treatment on wool fibre [101].  
FTIR showed that low pressure oxygen plasma treatment confers a 
higher cysteic acid (-SO3H) content in wool.  Interestingly, Raman 
spectroscopy revealed that some α-helices in wool keratins were 
changed to β-pleated sheets.  

 
 
4. Other approaches 
Although microscopic and spectroscopic techniques provide the most intricate 
insights into the effects of a plasma treatment, other complementary techniques are 
often used alongside them.  These techniques are more ‘broad-brush’ in that they do 
not analyse surface physical or chemical changes directly.  However, many are of 
particular importance to application technologists.  Examples are abrasion resistance 
[102], adhesion promotion in fibre-matrix composites [103] and biocompatibility [22].  
Some of these techniques can, however, provide a more direct link.  One important 
example is the measurement of changes in contact angle of (usually) water on a 
textile, either by static or dynamic wetting tests, from which information about 
changes in surface free energy can be derived. Indeed, in many of the references 
already cited measurements of contact angle form part of the overall study.  
However, such tests are also important in the assessment of changes in a textile’s 
hydrophilicity or hydrophobicity.  In addition, as noted above, there are examples of 
the use of ESEM to examine the behaviour of tiny water droplets on individual textile 
fibres. 
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5. Understanding the plasma itself 
5.1 Brief introduction 
It is evident then that a wide variety of surface analysis techniques can be combined 
to examine the effect of a particular plasma treatment on the surface of the textile of 
interest.  Whilst such a combination serves to identify changes to the textile surface, 
other approaches are available which can provide further valuable insights into the 
treatment.  Such insights would be particularly useful when conditions for new 
plasma treatments are to be formulated, especially at a commercial level. It would be 
invaluable therefore to be able to follow a plasma treatment during its actual 
application, by determining changes continually in the composition of the plasma.  
Techniques to achieve this aim are certainly available, although so far they appear to 
have made little overall impact on textile science and technology.  Available 
techniques include quadrupole mass spectrometry, optical emission spectroscopy 
and the use of Langmuir probes. 
 
5.2 Quadrupole mass spectrometry (QMS) 
In the mass spectrometric analysis of plasmas, ions and neutral species present in 
the plasma are initially extracted through a sampling orifice or narrow ‘sniffer’ tube, 
and then differentially pumped before being introduced into the spectrometer.  
Differential pumping is necessary because the spectrometer has to be operated at 
very low pressure (< 10-4 mbar).  This approach can also be extended to examine 
the distribution of the composition of a plasma in three dimensions.  Plasmas of any 
pressure can generally be analysed.  Neutral species in the plasma have to be 
ionised first, a process that can be achieved by electron impact ionisation. 
 
The type of mass spectrometry often applied is QMS.  A quadrupole mass analyser 
consists essentially of four parallel rods of hyperbolic cross-section, coupled to a 
detector.  Each opposing pair of rods is electrically connected.  A radio frequency 
voltage, together with a direct current offset voltage, is applied between one pair of 
rods and the other pair, and ions travel along the quadrupole between the rods.  For 
a particular ratio of voltages, only ions of a certain mass/charge ratio reach the 
detector.  By continuously varying the voltage applied, a range of ions can be 
identified.  Comprehensive reviews of the QMS of reactive plasmas have recently 
been published [104,105]. 
 
The use of QMS to characterise species within a plasma chamber at low pressure 
goes back over 20 years.  In a paper by Alexander et al. [106] for example, 
hexamethyldisiloxane, HMDSO, was subjected to low pressure plasma treatments, 
and thin films were deposited onto silicon substrates.  HMDSO plasma treatments 
confer hydrophobicity to substrate surfaces, and there is nowadays increasing 
interest in their application to textiles.  The species within the plasma chamber were 
analysed by QMS.  It was found that cationic oligomers of HMDSO were formed in 
the gas phase, and indeed the deposited material appeared to possess a structure 
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closer to these oligomers than to the original HMDSO.  More recently QMS has been 
extended to atmospheric plasma treatments.  One example is a study of the plasma 
treatments of a series of polyolefins, including polyethylene and polypropylene [107]. 
 
5.3 Optical emission spectroscopy (OES) 
Although mass spectrometry can provide a highly sophisticated analysis in situ, it is 
arguably less readily implemented at a commercial level than some other 
techniques.  One of these other techniques is OES, which analyses the spectral lines 
radiated from plasma sources.  Line radiation results from photons emitted by the 
transition of electrons between discrete energy levels in ions, atoms and molecules.  
In technological plasma, line radiation predominantly arises from processes resulting 
from collisions between these species [2], many of which give rise to chemical 
reactions, as exemplified in Tables 2 and 3. 
  
The light emitted from a plasma chamber, therefore, is a collection of the spectral 
lines generated by these species within the chamber, and there is a unique emission 
spectrum specific to each of these species.  A diffraction grating splits the light, so 
that the emission spectrum of each constituent element can be extracted.  The 
intensity of each spectrum is governed by the proportion of the element in the 
chamber.  Those processes occurring in the presence of a textile substrate can then 
be readily compared with those taking place in its absence.  Relevant examples of 
the use of OES include studies of the action of oxygen plasma on polypropylene 
[108] (Section 9.1), sulfur hexafluoride plasma on silk [109,110] (Section 9.2), and 
carbon tetrafluoride plasma on cotton fibres [111] to tailor their surface morphology.  
A particular feature of this last example was the observation of CO spectral lines 
during etching of the cotton fibres.  
 
If the plasma is sufficiently thin in optical terms, radiation from all parts of the plasma 
can escape, with little being reabsorbed.  Thus, the spectrum provides a continual 
insight at an atomic level into the processes occurring within a plasma chamber, and 
even in different parts of the chamber.  At higher pressures, however, there can be 
the risk that emission spectra are derived solely from the outer part of the plasma.  In 
such cases, more sophisticated methods based on optical absorption may be 
needed. 
 
5.4 Langmuir Probes 
The Langmuir probe is probably the commonest practical method for measuring the 
electrical properties of plasmas.  In particular, the method also reveals information 
about the electrons present in the plasma. In this respect the technique 
complements QMS and OES, which determine the ionic and neutral species present.  
The electronic properties that can be measured include electron density and 
temperature, the distribution of electron energies and plasma potential.  Ion density 
can also be assessed.  The technique is quite straight-forward in that it involves 
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placing a wire or disk in the plasma and measuring the current in it over a range of 
applied voltages.  It is therefore an intrusive technique, so the probe has to be 
designed such that it does not interfere in any way with the plasma.  Whilst this 
difficulty has largely been overcome, some refinements are nevertheless required 
where changes in the character of the plasma need to be followed over a period of 
time.  The most serious problem with the Langmuir probe technique lies in the 
interpretation of the current-voltage curves obtained, owing to the number of probe 
theories that have been proposed.  Details of the types of current-voltage curves 
obtained and of their interpretation have been extensively reported in the literature 
[2, 112]. 
 
The application of the Langmuir probe technique to studies of the plasma treatments 
of textiles appears not to have been extensively reported in the literature.  This 
sparsity of reporting can perhaps be attributed to the problems inherent in analysing 
current-voltage curves, despite the relative simplicity of the actual application of the 
technique.  Nevertheless, some examples have been reported in the literature for 
textiles and related substrates, and in conjunction with other techniques have yielded 
some useful information about conditions in the plasma chamber, e.g. in a paper by 
Chaivan et al. [110].  A detailed illustration of the use of Langmuir diagnostics in the 
plasma treatment of textiles has been shown by Riccardi et al. [113], and this 
illustration is discussed in Section 9. 2 later in this review.  
 
6. Statistical experimental design and analysis 
It is evident that not only can a textile surface be examined for the effect a plasma 
treatment will have had on it, but that the course of the treatment itself can be 
followed.  These considerations imply then that there is a basis for devising particular 
process control strategies for desired plasma treatments.  Nevertheless, these 
strategies need not be based solely on the approaches discussed so far.  As 
mentioned in the Introduction, there are a variety of process control factors that can 
in practice govern the effect of a given plasma treatment on a given textile substrate.  
Another valuable approach, therefore, is the design of plasma treatment trials on a 
statistical basis using factorial experimental design.  Key process control factors for a 
particular treatment, and any significant interactions between them, can then be 
evaluated using established statistical tests.  Not only can optimum treatment 
conditions be formulated, but also important insights into the mechanisms behind the 
treatments can be gained.  Both aspects can then also be included for creating 
process treatment strategies. 
 
A good example has been published, concerning the optimisation of process control 
factors in the low pressure oxygen plasma treatment of polylactic acid (PLA) fabrics, 
to improve their wicking rate [114].  The control factors used in the experimental 
design were pressure, power applied and treatment time.  By varying these factors 
and identifying interactions, the authors could determine optimal values for the 



21 
 

factors that produced the highest wicking rate.  XPS revealed that the primary effect 
was the formation of carboxyl groups.  In addition, SEM revealed etching of the PLA 
fibre surfaces, especially in non-crystalline areas.  
 
A similar study has been reported on improvements to the hydrophilicity of a 
specially modified polyester fabric as a result of oxygen plasma treatment at 
atmospheric pressure [115].  The process control factors comprising the 
experimental design were discharge power, treatment time and the spacing between 
the two electrodes.  Hydrophilicity was assessed from wicking trials and 
measurements of spreading rate.  By using a so-called Box-Behnken statistical 
methodology, they determined the optimal values for the control factors. 
 
An interesting use of statistical methodology to plasma treatments has recently been 
published by Delcorte et al. [83] in the analysis of SIMS data.  Although this 
application does not concern textiles directly, it shows that spectroscopic data can 
also be treated statistically to assist process control formulation.  Delcorte et al. 
describe a comparison of plasma polymer films of polystyrene, formed under 
different conditions of plasma treatment.  Two commercial polystyrene samples were 
also included in the study: one linear and the other cross-linked.  Using principal 
component analysis, an established statistical method, they determined that just two 
components contain nearly all the information in the SIMS analyses.  The first of the 
components revealed that for the plasma polymers, the protonated styrene monomer 
and some oxygen-containing fragment ions dominated.  For the two commercial 
polystyrene samples, the tropyllium ion, C7H7+, stood out.  The structural differences 
between the plasma polystyrene samples and the commercial samples are highly 
significant.  The second component clearly revealed differences in the chemical 
nature of the plasma polystyrene films, depending on whether the films had been 
obtained above or below a power of 50-60 W.  Films formed at powers above this 
threshold possessed less aromaticity and greater cross-linking and oxidation.  Below 
this threshold aromaticity was retained in the films.  The power applied is therefore 
particularly significant in determining the plasma polymer structure.   
 
7. Computer and Mathematical Modelling 
Computer modelling is another approach that can assist our understanding of textile 
plasma processing.  Some interesting examples have been published by Bogaerts 
and her colleagues [116,117].  They point out that several modelling approaches for 
plasmas are available: notably fluid models, Monte Carlo (MC) models and a 
combination of these models.  Reactions in the gas phase at atmospheric pressure 
within a plasma chamber can be modelled using fluid modelling, and the densities of 
reacting species and species formed in the chamber, including free radicals, can be 
calculated as a function of time.  For low pressure plasma reactions, Bogaerts et al. 
[117] emphasise the importance of the densities of electrons within the chamber and 
argue that, whereas a fluid modelling approach can still be applied to the other 
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plasma species present, an MC model should be applied to electrons.  They 
combine the electron MC model with a fluid model for the other species, using a so-
called hybrid plasma equipment model [118]. 
 
These types of computer modelling approaches to gas phase reactions in the 
plasma chamber are now gaining some traction.  However, in the case of plasma 
treatments of textiles, or of any other materials, their presence in the chamber 
obviously has to be taken into account.  A computer model also needs to 
accommodate reactions of plasma species with the textile.  According to Bogaerts et 
al. [117], this input can, for example, be satisfactorily obtained from molecular 
dynamics simulations, in which the behaviour over time of a few thousand atoms 
within a few nm3 volume is followed.  Successive impacts can also be modelled, as 
the nature of the surface changes.   
 
A good illustration of the utility of computational modelling is provided in a study by 
Dufour et al. [119] of the treatment of the surfaces of high density polyethylene 
(HDPE) foil with an atmospheric helium-oxygen plasma post-discharge generated by 
a radiofrequency plasma torch. HDPE surfaces provide a model for gel spun 
polyethylene (PE) fibre surfaces, and it is useful to consider this example in further 
detail.  In this study, the effects of the treatment on HDPE surfaces were analysed 
experimentally by dynamic water contact angle measurements and by XPS.  
Changes were monitored in the wettability of the surfaces and in the nature of the 
functional groups responsible for these changes.  An increased surface oxygen 
content was noted, attributable to the formation of polar groups, principally C-O 
bonds (which constitute ether groups), C=O (carbonyl) bonds and O-C=O 
(carboxylic) bonds.  The fraction of C-C bonds, which constitute the backbone of the 
HDPE chains, was correspondingly reduced.  In addition, depth profiles were 
determined, to assess any changes in the sub-surface: i.e. just below the HDPE 
surface.  It was found that for none of these groups was the fraction significantly 
changed down to a depth of 9 nm. 
 
An ageing study was also conducted to determine whether or not the increase in the 
level of polar groups was reversible.   After a period of one month or so, the fractions 
of C-O and C=O bonds declined by 5% at most, irrespective of depth of sub-surface.  
The decline in the fraction of O-C=O bonds, however, was greater: 7-10%, but again 
largely irrespective of depth of sub-surface.  The fraction of C-C groups by contrast 
rose, especially at greater depths.  Therefore, whereas a rearrangement of functional 
groups might be expected initially at the HDPE surface before extending into the 
sub-surface, there is instead a movement of functional groups in the reverse 
direction.  This observation can be explained by the formation during plasma 
treatment of oxidised compounds of low molar mass, which gradually migrate to the 
surface before being released to the environment. 
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The experimental results were complemented by computer modelling, notably 
molecular dynamics.  Simulations were conducted of oxygen atoms impacting on 
and reacting with a polyethylene surface, and also the behaviour of oxygen atoms 
that had diffused below the surface.  Additionally, these simulations were supported 
by so-called nudged elastic band calculations, applied to calculate activation 
energies for plausible reaction pathways.  These simulations were able to explain the 
differences between the levels of the functional groups, as determined by XPS.  Of 
all the plausible reactions that could be triggered by the plasma treatment, just three 
were identified as particularly important for the surface formation of oxygen-
containing functional groups: a C-C cleavage reaction, hydrogen abstraction to form 
an aldehyde and the oxidation of the aldehyde to a carboxylic acid.  Therefore, with 
outcomes of the simulations applied, the principal mechanisms involved could be 
identified.  The simulations also threw some light on the ageing process.  In 
particular, they revealed the comparatively low activation energies for the formation 
of low molar mass compounds containing C=O or O-C=O bonds. 
 
This example illustrates then how computer modelling can be successfully applied to 
support and enhance practical results to provide better understanding of the process 
changes involved.  Further examples are given later in this review.  Thus, whilst 
computer modelling may seem highly theoretical to the practical textile technologist, 
it can have its place as an adjunct to actual practical approaches, provided the 
boundary conditions are recognised by which all modelling techniques are limited. 
 
8. Process Control 
For plasma treatments of textiles to take off as a versatile technology on a 
commercial scale, process control strategies will be required [120].  It is our aim in 
this review to demonstrate that, despite the obvious complexities underlying plasma 
treatments, judicious application of the many approaches available, such as those 
described above, should provide considerable assistance in formulating process 
control strategies. Nevertheless, in the time since the publication of “Plasma 
Technologies for Textiles”, edited by Shishoo [1], there appears to have been little 
movement towards embedding even simple process control technologies in the 
plasma treatment of textiles. However, implementing even a simple process control 
strategy could offer production cost savings as well as enhancing uniformity and 
quality of products, potentially adding significant value to those products [121].  
 
At its simplest, and perhaps anecdotally predominant, process control in plasma 
application to textiles relies on visual monitoring and applied plasma power control 
by a skilled human operator. Additional control flexibility may be introduced to such a 
system through operator control of process gas pressure and composition. 
Replacing the operator with a photosensor-based electronic control system would be 
an easy step if the operator is only monitoring the intensity of the light from the 
plasma. However, it is more likely in such applications that the operator has the 
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experience to sense colour changes and this is where OES would be invaluable. An 
OES-based control system integrating the knowledge base of the operator and 
managing applied plasma power and gas pressures and composition would 
therefore represent a basic approach to process control. Beyond this electrical 
potential measurements via a Langmuir probe, which is nowadays both robust and 
relatively easy to implement in an industrial environment, could be integrated into the 
control system. More sophisticated plasma analysis using mass spectrometry, 
commonly used in the laboratory to probe plasma composition, is likely much harder 
to potentially implement online, as noted above.  It may perhaps, however, be worth 
the effort where complex gas mixtures are employed in the process e.g. in polymer 
deposition. Coupling these with control of the plasma process control parameters 
outlined in the Introduction then provides the necessary feedback to establish 
process control. 
 
Of course, such a simple strategy ignores the textile. Additional monitoring options 
might exist in terms of textile reel-to-reel tension and speed and even, for woven 
fabrics, the use of fast image processing methods to define weave density. 
Furthermore, it is clearly highly desirable to quantify the surface characteristics of a 
treated textile online, but such surface characterisation is likely to remain 
technologically limited for the near future. Thus, a direct link to the conditions within 
the plasma and the textile itself may be very difficult to establish online in a process. 
What may be easier, however, is to explore the phase space of the textile 
parameters and surface characteristics of the treated textile through sufficient 
laboratory work to establish a good microkinetic model phenomenologically 
describing the plasma treatment process. This approach is already well-established 
in other technologically significant areas where microkinetic methods have 
blossomed in recent years, e.g. catalysis [122], and could, we suggest, be applied in 
textile treatment with only modest effort.  
 

9. Some examples 
9.1 Treatments of polypropylene fibres with oxygen-containing plasmas 
to confer hydrophilicity 
We now consider some specific textile-plasma systems and show how results 
gathered from the literature serve to provide practical information to textile scientists 
and technologists wishing to apply plasma treatments.  The first example concerns 
the treatment of polypropylene textiles with oxygen-containing plasmas, to render 
their fibre surfaces more hydrophilic.   
 
Polypropylene (PP) textiles have many technical applications.  Nevertheless, the low 
surface energy of their fibres and consequent hydrophobicity, together with the 
smoothness of the fibre surfaces, affects processing, especially during wet 
treatments, and reduces their efficacy in a number of applications.  For example, the 
inherent hydrophobicity impedes the surface application of finishes, such as spin 
finishes, during processing.  PP fabrics are used in absorbent products such as 
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nappies and feminine hygiene products and in geotextiles and filtration media.  They 
are even used in biomedically implantable products such as hernia patches, and it is 
desirable that these products are biocompatible with blood cells and surrounding 
tissue. Aqueous fluids must therefore be able to wet the fabric, and the 
hydrophobicity of PP fibre surfaces militates against this.  In addition, PP textiles are 
widely used for reinforcing concrete.  Good adhesion between the PP fibres and the 
concrete matrix is very important.  However, there is little chemical compatibility 
between the two.  Rendering the PP fibre surfaces hydrophilic would help to 
overcome the problem.   
 
Oxidation of the fibre surfaces through suitable plasma treatments overcomes these 
difficulties to a considerable extent, and indeed plasma oxidation of PP surfaces was 
reported over half a century ago [123].  For example, adhesiveness is promoted in 
composites, laminates and fibre reinforced concretes, and biocompatibility is 
considerably enhanced.  It is well known too that PP fibres cannot be dyed unless 
they contain specific additives.  Treatment of the fibre surfaces with oxygen-
containing plasmas can promote dyeability with disperse dyes to some extent [124]. 
 
The efficacy of treatments in which PP fibres are exposed to oxygen-containing 
plasma, including air, has been known for several decades. More specifically, it was 
established in the 1990s that oxidation of the PP fibre surfaces occurs, 
predominantly through the introduction of C-O, C=O and O-C=O bonds [125-127].  
The formation of C-OH and C=C functionalities was also recognised.  In addition, the 
fibre surfaces are roughened.  There have, however, been doubts about the 
durability of these treatments.  There is evidence that the outer polymer layers of the 
fibres consist of oxidised and unoxidised segments and that, in contact with air, 
these layers rearrange themselves over time, in such a way that hydrophilicity is 
somewhat lowered [128].  This apparent ageing can be compared with the ageing of 
plasma-treated HDFE surfaces discussed in Section 7.  Loss of hydrophilicity can be 
considerably reduced by prior treatment of the PP fibres with a noble gas plasma, 
through crosslinking of the polymer chains at the surface, a treatment known as 
CASING (crosslinking by activated species of inert gases).  Surface durability is 
important for the subsequent wear and tear in the use of the PP textile and its 
permanence against washing, light and other external influences. 

Since these reports were published, much effort has been expended in studying in 
greater detail the effects of these plasma treatments and, to some extent, the 
processes that give rise to these effects.  The approaches discussed in the previous 
sections have nearly all been reported in the literature.  Whilst many of these studies 
relate to non-textile forms of PP, the information gained from the studies of surface 
chemical changes may well still be largely relevant to textile forms.  Conclusions 
derived from changes observed in the surface topography of non-textile substrates 
can also be transferred to PP fibres, but here a degree of caution is needed.  For 
example, these changes will be highly dependent on the initial topography of the 
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sample surface and on the proportion and distribution of crystalline and non-
crystalline regions at the surface.  The curvature of fibres may also have to be taken 
into account. 
 
Turning first to the surface topography of PP fibres, we note then that treatments 
with plasmas containing oxygen roughen the surfaces, the extent and nature of 
roughening depending on the processing conditions.  Roughening can involve 
etching, pitting of the surface, rippling effects and the formation of tiny (nanoscale) 
grooves [23,129].  The appearance of aggregated particles in the range 100-400 nm 
or more has also been observed, and the formation of these aggregates may well be 
equivalent to that of well-defined angular structures of similar size when PP tape has 
been treated with low pressure oxygen plasma [65].  In addition, the presence of 
cross-shaped structures in clusters on the tape surfaces was noted.  The 
appearance of these angular and cross-shaped structures was attributed to the 
recrystallization of PP in parts of the tape surface.  This recrystallization would very 
probably have been preceded by localised surface melting, as observed by Collaud 
Coen et al. [130] in the plasma treatment of PP plates.  It is noteworthy too that after 
oxygen plasma treatment, the profiles of water droplets on PP fibre surfaces become 
much less regular.  The droplets become flattened along the curvature of the fibre 
surface at right angles to the fibre axis [23].   
 
It is evident, therefore, that complex changes in PP fibre surface topography can 
arise, and these changes need to be taken into account when designing a plasma 
treatment process, particularly for those applications where fibre surface topography 
will be important, such as fibre-matrix adhesion in coatings and laminates.  The 
efficacy – or inefficacy – of these different surface topographies in promoting 
adhesion could be tested using statistical experimental design.  Whereas studies 
have been conducted on the influence of overall roughness at a nanoscale level, to 
the authors’ knowledge the effects of different forms of surface roughness in PP 
fibres have not so far been reported.  In addition, the determination of force-distance 
curves in the atomic force microscopy of PP fibre surfaces would also prove useful, 
to pursue desired improvements in surface mechanical properties.  An example of 
the application of force-distance analysis to PP surfaces was reported by Nie et al. 
[131]. 
 
Changes in surface topography are accompanied by surface chemical changes, 
notably the formation of oxidised functional groups and of C=C bonds, as noted 
above.  More recently reported work has confirmed these findings [132-134], and in 
some reports the proportion of each functional group has been determined.  The 
types of plasma system used have been varied, but taken together they can point 
the way towards the formulation of a suitable plasma process using a particular set 
of processing conditions.  Not surprisingly perhaps, much of the work has focussed 
on chemical analysis of the PP surface before and after a plasma treatment.  In this 



27 
 

respect, XPS has figured prominently, with a few supporting results from SIMS [135] 
and FTIR [136]. 
 
The associated increase in hydrophilicity has been confirmed through measurements 
of the contact angle of water droplets.  Some examples are provided in Table 4, from 
which it can be noted that the values of the contact angles for both the untreated and 
treated samples vary widely.  However, contact angle values are influenced not just 
by the chemical nature of the substrate surface but also by its topography. 
 
It is well established that surface roughness makes the contact angle, θ, further 
removed from 90o: either lower than for a smooth surface where θ<90o or much 
higher, where θ>90o.  As PP is a hydrocarbon, water is normally repelled from its 
surface, and θ>90o.  The value of 86o reported by Carrino et al. [137] may suggest 
the presence of a few hydrophilic groups already present on the surfaces of the 
samples they studied.  After plasma treatment, θ becomes much lower than 90o. 
Figure 2 shows a plot of (90o – θf) against (θi – 90o), with values taken from Table 4.  
An approximately linear relation is revealed.  The plot thus provides evidence for the 
additional effect of surface roughness. 
 
Some more recent studies have begun to focus on in situ investigations, notably 
using optical emission spectroscopy (OES).  Kregar et al. [108] investigated the 
treatment of PP samples with low pressure oxygen plasma.  They noted that, in the 
absence of PP, the plasma is dominated by oxygen atoms.  In the presence of PP 
samples, however, several other species can be detected, including CO, OH and 
CH.  The appearance of CO and OH species could be readily attributed to the 
oxidation of the PP surface.  The presence of the CH radicals in the plasma could be 
explained by degradation of the PP surface.  Kregar et al. [108] also noted the slow 
increase in concentration of these species up to a critical time, when their 
concentrations increased much more rapidly and there was a marked fall in the 
concentration of oxygen.  The authors concluded that at lower pressures there is 
predominantly reaction of molecular oxygen cations with the PP surface, whereas at 
higher pressures there is reaction of oxygen atoms with the PP surface.  Thus, their 
work begins to show how the important reactions in the plasma treatment can be 
identified. 
 
Nisticò et al. [138] applied OES and XPS in their investigation of the treatments of 
PP fibres using plasma mixtures of helium and oxygen at atmospheric pressure.  
They found an increase in the concentration of molecular oxygen cations and the 
formation of oxygen atoms, which they attributed to the decomposition of molecular 
oxygen.  XPS confirmed the presence of C-O and C=O functional groups on the fibre 
surfaces.  From their results they proposed some reaction pathways both in the 
plasma phase and with fibre surfaces. 
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Although the reports cited so far throw considerable light on the plasma treatment 
process they are, arguably, still insufficient to lead to the provision of practical 
formulations.  It would be of help to have more detailed understanding of: 
 

the mechanisms underlying the formation of these groups; 
what proportions of these groups are best for achieving a desired 
application of the PP textile; 
how these proportions can be achieved. 

 
For the first of these, computational analysis has been shown to be particularly 
helpful, as illustrated in a paper by Dorai and Kushner [139].  Using a well validated 
plasma kinetics model, they examined the reaction kinetics both in the plasma phase 
and at the PP surface when PP is treated with a humid air plasma.  Clearly nitrogen 
and water vapour were present as well as oxygen, yet the action of oxygen generally 
dominated.  They identified many of the individual reactions occurring at the PP 
surface, and could categorise them into initiation, propagation and termination 
reactions and set out a complex reaction mechanism.  Indeed many reactions are 
similar to those identified in the thermal oxidation of PP.  Dorai and Kushner [139] 
could also estimate the rate of each constituent reaction.  On this basis they devised 
a reaction scheme to describe the plasma treatment.  They noted that reaction with 
the PP surface takes place primarily with O∙ and ∙OH free radicals in the gas phase.  
They noted too that the roughening of the PP surface occurs through chain scissions 
and the formation at the surface of oxidised compounds of low molar mass.  The 
more volatile of these compounds are emitted from the surface, but these 
compounds may also aggregate into globules at the surface. 
 
The work of Dorai & Kushner was followed by that of Bhoj & Kushner [140], using a 
more sophisticated kinetics model.  They investigated the actions of repetitively 
pulsed He/O2/H2O plasma discharged on moving PP sheets.  They also noted the 
generation of O∙ atoms and ∙OH radicals during each pulse and the reaction of these 
radicals with the PP surface. Between pulses the radicals were largely consumed, 
with most of the oxygen atoms being consumed to form ozone, which tended to 
accumulate over many pulses.  Again, a highly complex reaction mechanism was set 
out. 
 
These two papers demonstrate that the mechanisms underlying the formation of 
oxygen containing functional groups at the PP surface have already been described.  
Moreover, the reaction schemes set out by Kushner and his colleagues assist in the 
prediction of the relative proportions of the groups.  The task then remains to 
determine the optimum proportions in a particular plasma system for achieving a 
desired PP textile application. 
 
This goal can be approached using statistical experimental design, as outlined 
above.  A simple example is provided by the work of Carrino et al. [137], who sought 
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to determine which plasma process control parameters significantly affect the 
contact angle of water droplets on air plasma treated PP surfaces.  They deduced 
that the voltage across the plasma chamber had a significant influence on reducing 
the contact angle, as did the interaction between voltage and treatment time and 
between voltage and flow rate of air.  Although these results on their own throw little 
light on underlying mechanisms, an analogous approach could be adopted to 
determine which parameters significantly determine the proportion of oxygen 
containing surface functional groups and which proportion is best suited for a 
particular application of the textile. 
 
9.2 Treatments of silk with SF6 plasma to confer water and oil repellency 
It is of course no secret that silk fabrics have been widely regarded for centuries - 
and even millennia - as luxurious and glamorous, and indeed silk is one of the most 
delicate of natural fibres.  Although more recently technical applications have also 
been found for silk fabrics, such as materials for parachutes and biomedical 
applications, it is as ‘high-end’ clothing and home furnishing fabrics that they are still 
particularly regarded, even despite the appearance of cheaper ‘sand-washed’ silk 
garments on the market over the past 30 years [141].  Most silk products do, 
however, need a lot of careful attention during use, notably during cleaning, on 
account of their delicate nature.  The removal of stains from silk fabrics often 
requires particular care, and silk deteriorates markedly when exposed to 
perspiration, chlorine-based bleaches and also detergents that contain even mild 
alkalis.  If silk can be rendered more water repellent, then some of these adverse 
properties will be largely removed. 
 
There have been many approaches in the textile industry to confer water repellency, 
and detailed discussions of them can be found in, for example, books by Schindler & 
Hauser [142] and Mather & Wardman [143].  Early water repellent treatments 
involved the use of waxes and melamine-based products, but around the 1980s 
treatments based on the silicone, polymethyldisiloxane, became popular.  The 
structure of polymethyldisiloxane is given in Fig. 3. The chains of this polymer 
become oriented on textile fibre surfaces such that the methyl groups in the polymer 
face outwards and the fibre surface is rendered hydrophobic, as also shown in Fig. 
3. In the last 20 years, treatments using fluorocarbon agents have gained popularity 
in that they also confer oil repellency.  This property renders the silk resistant to oily 
stains as well.  The fluorocarbons contain perfluorinated acrylate polymer as the 
active component, which is linked to long-chain, lauryl or stearyl, acrylate co-
monomers, as illustrated in Fig 4.  The fibre surface thus becomes highly 
hydrophobic owing to the formation of an outer layer of CF3- groups.  However, more 
recently doubts have grown about health problems that may arise from exposure to 
fluorocarbons, notably the C8 fluorocarbon, perfluorooctanoic acid, C7F15COOH, 
which appears in trace amounts as a by-product in the manufacture of these 
fluorocarbon agents. Although shorter chain C6 derivatives are currently considered 



30 
 

acceptable as an alternative, the development of conventional types of treatment 
based on fluorine-free agents is nevertheless gaining some momentum.  
Commercial processes to confer both oil and water repellency are discussed by 
Coulson [15]. 
 
To minimise the level of fluorine required to confer hydrophobicity, low pressure 
plasma treatments with fluorine-containing compounds can be applied.  This 
approach also serves to reduce damage to the silk substrate, an important 
consideration in view of the delicate nature of its fibres.  These treatments can be 
effected with fluorocarbons, such as carbon tetrafluoride (CF4), hexafluoroethane 
(C2F6) or trifluoromethane (CHF3), or with sulphur hexafluoride (SF6).  A fluorocarbon 
treatment results in the formation of a thin film of fluoropolymer on the silk fibre 
surface but, because of its fluorinated nature, the film may not adhere strongly 
enough to the surface during subsequent treatment and use of the silk.  It has also 
been asserted that the film reduces water permeability, and so makes garments less 
comfortable to wear [109]. SF6 plasma has therefore often been applied to 
circumvent formation of fluorocarbon film [144], and its use also circumvents 
concerns associated with fluorocarbons.   
 
The growing pressure to reduce or even eliminate the use of fluorocarbons on a 
commercial scale could be expected to extend to SF6, in view of its fluorine content.  
SF6 is, however, a dense unreactive gas that is considered harmless to its 
immediate environment.  It is not toxic and can be readily handled.  Nevertheless, 
there are fears that because of its use on a commercial basis, it will in time become 
a significant greenhouse gas.  Currently, however, its contribution to global warming 
is very small, and it will be kept small if it is effectively recycled.  Moreover, for low 
pressure plasma treatments the amounts of SF6 consumed are tiny. 
 
SF6 plasmas have been used for some time in the microelectronics and solar cells 
industries [145] and the chemical reactions between the reactive species within the 
plasma chamber have been documented by Riccardi et al. [146], along with rates of 
reaction in low pressure conditions.  Indeed, Riccardi et al. [146] were able to 
present a very detailed description of an SF6 plasma, through a combination of 
experimental results and computer simulation, and the design of a low pressure 
plasma reactor, suitable for applications to textiles on a small commercial scale, has 
also been published [113].   
 
It is noteworthy that much of the information about the conditions inside the plasma 
reactor has been obtained through the use of the Langmuir probe technique, though 
care has had to be exercised in the analysis of the results obtained, for the reasons 
discussed in Section 5.4.  The papers by Riccardi et al. [113,146] are especially 
pertinent in this respect, as both papers provide extensive discussions of the 
application of Langmuir probes.  The authors showed, for example, that there was an 
unexpectedly high concentration of negative ions and an unusually low concentration 
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of electrons, owing to the attachment of electrons to plasma species.  Attachment of 
electrons will have special significance for fluorine-containing gases, which are 
highly electronegative.  The authors were also able to take account of the rates at 
which these species are transported in the plasma chamber.   
 
The value of computer simulations of the composition of the plasma, depending on 
both treatment time and distance of the sample from the point where the plasma is 
generated, has also been demonstrated [146].  These simulations have been 
performed through the application of a numerical method based on the reaction 
kinetics of the plasma species and their transport properties.  A combination of the 
experimental use of Langmuir probes and computer simulations has thus led to quite 
a detailed description of the processes occurring in different parts of a plasma 
reactor.  In particular, it was concluded that reaction of excited fluorine atoms with 
the silk fibre surface is the key to surface fluorination.  The concentration of fluorine 
atoms in different parts of the reactor can be monitored, and even predicted, and the 
level of fluorination of silk fibre surfaces can then be regulated.  High levels of 
fluorine on the treated surfaces can then give rise to extensive hydrophobicity [113].  
Levels of fluorine atoms in a plasma chamber can also be assessed using OES 
[109,110]. 
 
The chemical change occurring at the silk fibre surface seems moderately straight-
forward, despite the many reactions occurring in the bulk of the plasma chamber 
reactor.  Hydrogen atoms bound to carbon atoms in the silk fibroin chains are first 
abstracted from the silk fibroin chains and then replaced by excited fluorine (F∙) 
atoms present in the plasma chamber [145].  This mechanism therefore contrasts 
with the diversity of polar groups that oxygen-containing plasmas confer on PP fibre 
surfaces, as discussed in Section 9.1.  Moreover, XPS traces reveal no reaction with 
surface nitrogen and oxygen atoms [144] though it appears that the level of surface 
oxygen, whilst not influenced by the duration of the plasma treatment, is significantly 
higher compared with that of untreated silk.  No sulfur becomes bonded to the fibre 
surfaces.  Successful fluorination of silk fibre surfaces is strongly influenced by the 
position of the silk sample in the plasma chamber [144].  The sample should be 
located some distance away from the point of plasma generation, because high 
concentrations of ions rather than of free radicals predominate at the point of 
generation.  Thus for a given plasma reactor the optimum rates and extent of a 
surface plasma treatment could be assessed by means of statistical trials.  
 
The value of computer simulation has been further provided by Sangprasert et al. 
[147].  Bearing in mind that the amino acids, glycine (Gly) and alanine (Ala), together 
comprise ca. 74% of the amino acid content of silk fibre, they utilised density 
functional theory to investigate several possible mechanisms for the action of fluorine 
atoms on the model compounds, Gly-Ala and Ala-Gly.  The structures of the two 
compounds are illustrated in Fig. 5, from which it can be noted that, in contrast to 
Gly, Ala possesses pendant methyl (CH3-) groups.  The lowest activation energies 
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calculated by Sangprasert et al. were for substitution of hydrogen atoms by fluorine 
atoms at the pendant methyl groups of both model compounds.  It is worth pointing 
out that, of course, silk also contains a significant content of the amino acid, serine 
(Ser), ca. 12%.  However, Ser contains pendant hydroxyl (-OH) groups and it has 
been noted above that no reaction of SF6 plasmas with surface oxygen atoms seems 
to occur [144].  It therefore appears to be the alanine content of the silk fibre that is 
important for successful treatment by SF6 plasmas. 
 
Nevertheless, the chemical structure of the silk fibre surface is more complex than 
that of the PP fibres discussed in Section 9.1. It is clear too that the fluorine atoms 
are much larger than the hydrogen atoms they have replaced.  Moreover, etching 
and changes in surface crystallinity should also be considered.  These factors are all 
likely to have a bearing on the level and rate of formation of C-F groups at the 
surface, as well as the stability of the fluorinated polymer chains once they have 
been formed.   
 
Indeed results on the stability of the fluorinated silk fibre surface, even after 
treatment with SF6 plasma rather than with fluorocarbon plasmas, are conflicting.  
On one hand, Selli et al. [144] have observed that the high hydrophilicity initially 
obtained can be partly lost a week or so after the treatment, though there is little or 
no subsequent loss and there is still a good degree of hydrophobicity. They suggest 
that after exposure of the treated silk fibres to air, there is a gradual rearrangement 
of some of those surface polymer chains to which fluorine atoms have been bonded.  
Some of the fluorine atoms become oriented away from the fibre surface, in order to 
minimise surface energy.  Such a change could result from the larger size of the 
fluorine atoms.  However, the same authors also note that surface crystallinity can 
increase as a result of plasma treatment, probably due to preferential etching of 
regions of unoriented silk polymer chains. An increase in surface crystallinity then 
serves to maintain high hydrophobicity over a longer period of time, as the polymer 
chains are much more constrained from undergoing rearrangement.  On the other 
hand, Suanpoot et al. [109] have noted that hydrophobicity can be maintained for at 
least 30 days.  There therefore seems to be a conflict between the tendency of the 
fluorinated polymer chains to rearrange themselves, or partly so, and the restraint on 
chain rearrangement imparted by increased surface crystallinity. An increase in 
surface crystallinity is therefore desirable to stabilise the hydrophobicity conferred.  It 
is thus illustrative to probe further the mechanisms by which SF6 plasma treatments 
operate and how knowledge of these mechanisms can assist process control in a 
particular plasma treatment unit.   
 
An additional consequence of etching is roughening of the silk fibre surface at a 
nanometre level, a factor that will also contribute to increased hydrophobicity.  It has 
been suggested, in addition, that a contributing factor could be the much larger size 
of the surface fluorine atoms compared to that of the hydrogen atoms they have 
replaced [145].  As with the example in Section 9.1, we are not aware, however, of 
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any analysis of different forms of surface roughness, nor to our knowledge has force-
distance analysis been applied to examining any changes in surface mechanical 
properties.  Such studies would be beneficial in assisting the formulation of suitable 
process control parameters, for applications where the surface physical and 
mechanical properties of hydrophobic silk could be important, such as fabric handle.  
 
It is noteworthy that several of the authors cited in the preceding paragraphs of this 
section report that the contact angle of water droplets on treated silk fibres is 
generally about 130-140o.  This observation may be contrasted with the range of 
contact angles shown in Table 4 for PP samples.  Although the nature of the 
untreated silk fibre surface will be the same – or very nearly so - for all these 
authors, it could be expected that different plasma conditions would have resulted in 
different features of surface roughness and hence influence the contact angles 
determined.  However, Hodak et al. [145] claim that in their studies AFM images 
revealed the surface morphologies of their treated samples to be similar, irrespective 
of treatment condition, a result that is in keeping with the broad consistency of the 
contact angles.  In all cases, the root-mean-square roughness increased from 10 nm 
to 30 nm.  These results suggest then that the fluorinated nature of the treated silk 
fibre surface is the predominant contributor to hydrophobicity but that increased 
crystallinity at the surface is also desirable to preserve the hydrophobicity obtained.   
 
9.3 Plasma treatments of wool to confer shrink resistance 
It is well known that wool fabrics shrink irreversibly during use, and particularly 
during washing, unless they have been given a preventative treatment.  Shrinkage 
very largely arises from the innate ability of wool to felt.  Felting involves the 
progressive entanglement of wool fibres when they are subjected to mechanical 
action, especially agitation in water, and the fabrics become thicker and bulkier.  A 
major factor contributing to felting is the scale structure of the wool fibre surface, 
arising from the overlap of adjacent cuticular cells.  This cuticular structure is shown 
diagrammatically in Fig 6.  The overlapping scales in turn give rise to the so-called 
directional frictional effect (DFE), whereby the coefficient of friction from the root to 
the tip of a fibre is much less than that from the tip to the root.  Although the scale 
structure is exploited in the production of such products as overcoats and the playing 
surfaces of snooker and pool tables, it is also the prime cause of the shrinkage of 
woollen garments during washing. 
 
Shrinkage can be considerably reduced or even prevented through oxidative 
treatments, which soften, degrade or even destroy the cuticular scales.  An 
alternative approach involves the deposition of a suitable polymer: the polymer can 
mask the scale structure, weld junctions between fibres, or even apply both 
mechanisms.  Conventionally, an oxidative treatment is often applied first, before the 
deposition of a polymer onto the treated fibre surfaces.  In some commercial 
treatments only a polymer is applied, though the flexibility of a wool fabric can then 
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be compromised.  A particularly successful commercial example is the chlorine-
Hercosett wool top process, first commercialised by Villawool (Australia) in 1967 in 
collaboration with the Australian Wool Corporation, whereby the fibre surfaces are 
oxidised by a chlorinating agent prior to polymer coating of the fibre with a reactive 
polyamide-epichlorohydrin resin, Hercosett® (Hercules).  Without the subsequent 
polymeric treatment, shrink resistance is progressively lowered in successive 
washings [148].  A drawback of this two-step process is the reduction in wet fastness 
of applied acid dyes [148].  The mechanisms underlying felting and resistance to 
felting have been extensively reviewed by Rippon [149].  Techniques for commercial 
shrinkproofing treatments are discussed by Kettlewell et al. [150]. 
 
There have, however, for some time been considerable environmental concerns 
about the discharge of organic chlorine compounds in waste liquor, and alternative 
strategies have been pursued.  One viewpoint is that because modern washing 
machines use reduced mechanical action, the problem of felting is in practice less 
severe.  Whilst this argument may prove to have validity, the problem of felting is still 
not properly resolved: felting then requires more washes to become as severe.   
 
Alternative methods of oxidation of the scale surface have been the focus of interest 
for some time.  Potassium permanganate (KMnO4) and Caro’s acid (H2SO5) have 
been successfully applied, but again their presence in waste liquors is 
environmentally dubious.  Another approach is the use of enzymes, specifically 
proteases and even lipases [151,152].    However, their application requires care.  
Because proteases specifically degrade protein chains, soluble proteins can readily 
be formed, with a consequent loss of fibre weight and fibre strength [150].  A further 
option is the adoption of plasma treatments.  Plasma treatments are proving to be 
acceptable alternatives, especially as such treatments are attractive environmentally 
and economically, although different polymers are needed for the subsequent 
treatment stage.   
 
The idea of applying a plasma treatment is far from new and was, for example, 
proposed by Rakowski [153] thirty years ago.  Resistance to felting that could be 
achieved by a ‘clean’ process was a key driver in this development.  Later, Rakowski 
described a machine for the plasma treatment of wool top [154], as it is often wool 
top on which shrink resistant treatments are conferred.   He noted that an 
aftertreatment by a suitable polymer further increased shrink resistance, although the 
polymers conventionally used on pre-chlorinated wool were ineffective.  Fabric 
handle was also impaired, but could be improved by careful treatment using a 
suitable enzyme.  Since then numerous papers have appeared on the application of 
plasmas to reduce felting in wool, and indeed one company, Südwolle, based in 
Germany, has launched a technology it calls Naturetexx Plasma for the plasma 
treatment of wool fibres.  Nevertheless, the question still is: why have plasma 
treatments not yet taken off widely in an industrial context?  One reason, as noted 
above, is the investment required to install plasma treatment equipment.  It also has 
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to be borne in mind that the surface of a wool fibre is highly complex both 
topographically and chemically, and is subject to considerable variation.  Different 
qualities of fibre are obtained from different breeds of sheep, and even from a single 
fleece.  The sheep’s nutrition may have a bearing as well. Thus, statistical trials have 
shown that propensity for felting in cashmere fabrics is influenced by the animals’ 
nutrition [155].  Poorly fed goats grew cashmere that possessed a lower propensity 
to felt compared with better fed goats.  It has also been shown that for atmospheric 
plasma treatments the absorbed moisture content of the wool has an influence [156].  
Thus a plasma processing treatment, particularly on a commercial scale, may well 
have to be subject to carefully controlled conditions. For these reasons it is therefore 
instructive to delve more closely into the mechanisms underlying reduction of wool 
felting by plasma treatments, at the same time noting that these treatments will also 
affect other properties of wool.  The benchmark to be met for shrinkproofing using 
plasma treatments can be considered to be the chlorine-Hercosett® process. 
 
It would be useful initially to examine what structural and chemical differences at the 
wool fibre surface arise from chlorination and plasma treatments, and what roles are 
needed for the subsequent treatment with polymer.  Chlorination is generally carried 
out either by exposure of the wool fibres to a salt of dichlorocyanuric acid, DCCA, 
[157] or by the Kroy process [158], which uses an acidic solution of sodium 
hypochlorite, NaOCl.  A series of SEMs shown by Cardamone et al. [159] reveals 
that at pH~4 DCCA steadily erodes the scale structure, depending on the strength of 
the DCCA solution and the duration of the treatment.  In the process, the scale 
edges are progressively softened [150].  Cardemone et al. [159] observed that a 
sufficiently strong solution gives rise to a virtually smooth fibre surface, but detected 
no cleavage of the cuticle.  The Kroy process also induces some loss of cuticular 
structure [160].  Chlorination thus appreciably reduces the DFE. 
 
Both sets of authors used XPS to monitor the chemical changes at the fibre surface.  
The principal oxidation process triggered by these chlorinating agents is cleavage of 
the disulfide (-S-S-) bonds linking adjacent protein (keratin) chains, to yield sulfonic 
acid (-SO3H) groups.  A small proportion of carboxylic acid (-COOH) groups also 
appear to be formed.  In addition, the thin lipid layer of predominantly 18-
methyleicosanoic acid present in the epicuticular membrane covering each cuticle 
cell is degraded.  The softening of the scale structure can be attributed to absorption 
of water by newly formed peptide fragments, which contain –SO3H groups.   One 
consequence of these changes is that the wool fibre surface becomes more 
hydrophilic. 
 
XPS and FTIR have revealed that a number of the changes brought about by 
treatments with oxygen-containing plasmas are broadly similar to those effected by 
chlorinating agents.  Thus, sulfonic acid groups, and also sulfosulfonic acid (-SSO3H) 
groups, are formed from cleavage of disulfide crosslinks [161,162].  A variety of 
hydrophilic bonds are introduced as well: these include C-O, C=O, O=C-O, O-H and 
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O=C-N [163,164].  The levels of C-C and C-H are reduced.  Increased hydrophilicity 
is confirmed by reductions in the contact angles of water droplets.  For example, 
Canal et al. [165] observed a fall from 103o to 58o, and then after an extended 
treatment to 35o.  Cheng et al. [166] noted a fall from 116o to 59o in their 
experiments. 
 
The extent of the reduction in contact angle will depend not just on surface chemical 
changes but also on changes in surface topography.  Thus, the edges of the 
individual scales become less distinct [44], though even after extensive exposure to 
plasma a scale structure is still discernible [3].  However, it is particularly noteworthy 
that in addition to these changes, the scales themselves become pitted [3,44,161], a 
feature not observed after chlorination of the fibres.  Nitrogen plasma treatment 
appears to be more benign: Kan & Yuen [3] and Shahidi et al. [164] observed some 
pitting, but Canal et al. [165] observed no obvious changes to the scale surface.  
Pitting leads to a greater coefficient of friction at the fibre surface.  There is also 
some degree of rounding off of the scale edges.  Thus the scope for increased fibre 
entanglement and consequent felting as a result of mechanical agitation is 
considerably reduced. 
 
An important paper by Dai et al. [167] discussed in situ studies to analyse the 
reactive species present in the plasma.  Their work was conducted mainly on oxygen 
plasmas at low pressures, and analysis was conducted predominantly using 
Langmuir probes. The reaction chamber was separated from the plasma source.  
Vacuum ultraviolet (VUV) emission measurements were also made to determine the 
level of molecular oxygen in the plasma.  The density of atomic oxygen was 
estimated from the reduction in molecular oxygen concentration caused by the 
plasma discharge, on the basis that under the plasma treatment conditions being 
used, oxygen atoms were primarily produced from dissociation of oxygen molecules 
[168].  Increases in surface energy were also determined, in order to follow the 
transition of the wool fibre surfaces from hydrophobic to hydrophilic.  Dai et al. [167] 
demonstrated that the key species in promoting the transition was atomic oxygen.  
Charged species seemed to have little effect, and the role of excited oxygen 
molecules appeared insignificant. 
 
Dai et al. [167] also reported XPS measurements comparing the treated and 
untreated fibre surfaces, which revealed concomitant increases in hydrophilic bonds 
linking carbon and oxygen, such as C-O, C-O-C, C=O and O-C-O, and 
corresponding reductions in C-H, C-C and C=C bonds.  The modification of the fibre 
surfaces results from their direct reaction with excited atomic oxygen.  It may be 
noted here that modification of PP fibre surfaces is very often the result of their 
reaction with atomic oxygen, as noted in Section 9.1.  A parallel may also be drawn 
with the treatment of silk with SF6 plasma (Section 9.2), where the reacting species 
was shown to be atomic fluorine, despite the complex mixture of plasma species.  It 
is noteworthy too that in locating the wool samples some distance away from the 
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plasma source they were subjected predominantly to excited atomic oxygen.  It will 
be recalled that silk samples need to be similarly located for atomic fluorine to react 
with the fibre surfaces.  Interestingly, no significant changes were noted from SEMs 
between the topographical features of the treated and untreated wool fibres under 
the experimental conditions applied.  The authors concluded that only the outermost 
surface layers of the fibres had been affected, primarily the lipid layer.  More 
extensive exposure to oxygen plasma would destroy the lipid layer and start to 
oxidise the underlying protein structures. 
 
As with the examples of HDPE, PP and silk (discussed above in Sections 7, 9.1 and 
9.2 respectively), there is evidence that wool too is subject to ageing after plasma 
treatment.  Naebe et al. [169] reported that, immediately after helium plasma 
treatment at atmospheric pressure, there were significant increases in oxygen and 
nitrogen concentrations at the fibre surfaces, as revealed by XPS.  A reduction in 
carbon surface concentration was also observed.  After 14 days, however, the 
oxygen and nitrogen surface concentrations fell by ca. 6% and 9% respectively, and 
the carbon surface concentration was raised by ca. 6%.  No change in sulfur 
concentration over this period was observed.  The concentrations of all these 
elements then remained stable, except for that of oxygen, which fell by a further 3% 
or so until it too remained stable.  No change in fibre morphology was apparent 
during this period of ageing.  It was concluded that the plasma treatments had 
degraded the lipid content of the fibre surfaces, and that the subsequent ageing 
process involved the rearrangement of some protein-lipid chains.  After 28 days, 
however, the plasma-treated surface became stable and was still markedly different 
from the surface of the untreated wool fibre. 
 
A practical benefit of applying in situ techniques was well demonstrated by Osenberg 
et al. [170].  They treated wool in a large plasma chamber that had been pumped 
down to low pressure.  They noted that, although increased energy input during a 
plasma treatment led to reduced felting, the wool started to burn if the energy input 
was too great.  An online control procedure was therefore devised.  However, given 
that online control of felting behaviour was impractical, suitable plasma diagnostics 
were trialled instead: QMS, OES and Langmuir probes. 
 
For much of their work the authors adopted a ‘static treatment’, equivalent to a batch 
process.  After the equipment had been pumped down but before plasma treatment 
had commenced, QMS revealed that the mass spectrum was dominated by the 
spectral line at 18 atomic mass units (amu), attributable to the release of moisture 
from the wool sample.  Lines corresponding to molecular hydrogen (2 amu), oxygen 
(32 amu) and nitrogen (28 amu) were also observed.  It should be noted that carbon 
monoxide, CO, would also give rise to a line at 28 amu, but no CO was likely to be 
present prior to plasma ignition.  Once plasma treatment was under way, the spectral 
line for water at 18 amu decreased slightly, and those corresponding to H2, O2 and 
N2 (2, 32 and 28 amu respectively) increased.  There was also a steady rise in an 
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OH line at 17 amu and a carbon dioxide, CO2, line at 44 amu.  The increase in the 
signal observed at 28 amu was attributed to the production of CO rather than to N2.  
As plasma treatment proceeded, the O2 line reached a maximum intensity, before 
falling away significantly.  The H2 line revealed similar, but less marked behaviour. 
 
Osenberg et al. [170] determined that if plasma treatment was halted just before the 
crossover of the intensities of the lines at 28 and 32 amu, no burning of the wool was 
observed, while felting resistance was considerably improved.  The QMS results 
were supported by OES, but Osenberg et al. stated that measuring a complete 
spectrum took too long a time for OES to be adopted as a process control tool.  
Langmuir probes were tried with a view to finding a correlation between ion density 
and felting behaviour.  There were, however, several problems.  The authors pointed 
out that ion mass was needed to evaluate ion density, but as the plasma is a mixture 
of several species whose concentrations are continually changing, estimation of 
overall ion mass would prove difficult.  In addition, the measurement of Langmuir 
probe data was also too slow for the online process control system in use, and the 
tips of the probes were reported to degrade rapidly. 
 
For a ‘dynamic treatment’, which simulated a continuous process, Osenberg et al. 
arrived at a slightly different result.  They concluded that wool samples would not 
start to burn if the intensity of the line at 28 amu were kept below 20% of the line at 
32 amu. 
 
This paper illustrates the real benefits and some drawbacks of the adoption of 
plasma diagnostics for online process control.  Measurements must be sufficiently 
rapid to apply with a given control system, but if they are, then plasma diagnostics 
can be successfully applied.  Osenberg et al. – in 1999 - argued that that OES and 
Langmuir probes were too slow as process control tools, whereas QMS worked well. 
However, in the case of OES there have since 1999 been significant developments 
in fibre-coupled CCD (charged coupled device) and CMOS (complementary metal-
oxide semiconductor) array-based spectrometers, such as from Ocean Optics 
(Ocean Optics Inc., Largo, Florida, USA) [171], that allow for fast (sub-second) 
spectral acquisition and relative intensity measurements that would be sufficient for 
process control. Likewise, developments in Langmuir probe technology related to 
process control could be promoted if there were significant impetus from relevant 
industries. 
 
There seem to be few examples of computer simulation of plasma treatments of 
wool in the literature, but simulation is likely to be quite problematic.  As already 
discussed, the surface structure of wool fibres is highly complex.  In chemical terms, 
no individual amino acids are especially abundant in wool keratins, and adjacent 
keratin chains are covalently linked by disulfide bonds.  These properties are in 
marked contrast to those of silk fibres.  It is consequently difficult to determine to 
what amino acids oxygen atoms in the plasma become bonded.  In addition, the 
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untreated wool fibre surface contains an appreciable lipid content.  In topographical 
terms, the surface possesses a complex scale structure.  One interesting paper, 
however, by Kuzuya et al. [172] includes computer simulations of electron 
paramagnetic resonance (EPR) spectra of wool fibres after argon plasma 
treatments.  The simulated spectra were found to agree well with the equivalent 
spectra determined experimentally, and it was noted that a broad asymmetric 
multiplet in the spectrum could be assigned to sulfide radicals, derived from scission 
of the disulfide bonds.  There was also evidence of cross-linking at the fibre surface 
between bulky amino acid constituents which, Kuzuya et al. proposed, contributed to 
increased friction between fibres and hence reduced felting.  The authors also 
suggested that the complex topography served to retard the formation of radicals in 
keratin structures. 
 
Whilst it is clear then that some plasma treatments are highly effective in imparting 
shrink resistance to wool, a particular problem is the development of a notably harsh 
handle.  This effect can be readily attributed to pitting of the scales, but the problem 
can be extensively overcome by subsequent treatment with a suitable polymer.  
Thus, the roles of polymer treatments after chlorination and after plasma treatment 
are not completely identical.  As noted above, polymeric treatment given after a 
chlorination process enables shrink resistance to be maintained after a succession of 
washings.  A polymer added after plasma treatment must mask the pitting and 
etching resulting from that treatment.  It is therefore not surprising that polymers 
developed for the after-treatment of chlorinated wool fibres are much less successful 
on fibres that have been plasma treated. 
 
Some polymers have been specially developed for deposition onto plasma-treated 
wool fibre surfaces.  For example, two have been developed by Bayer [16].  One of 
these is a polymer containing isocyanate groups that can be dispersed in water.  The 
polymer coats the individual fibres, with the result that the heights of the scales on 
the fibre surfaces are considerably reduced, and the DFE is almost eliminated.  
Another example is a polyurethane that is deposited on the edges of the scales, an 
approach that also leads to reduced shrinkage.  Thus, an oxidative plasma treatment 
followed by deposition of a suitable polymer is available for chlorine-free shrink-
proofing.  In particular, the process has been successful for wool tops. 
 
10.  Artificial Intelligence/Neural Networks 
A further approach to assisting the formulation of plasma processes for textiles will 
undoubtedly be the use of artificial intelligence, which entails the development of 
machines behaving like human brains and performing tasks that would otherwise 
require human intelligence.  Examples include learning, planning, reasoning and 
solving problems.  Although as yet in its infancy, it already powers internet searches, 
enables voice-activated personal assistants such as Alexa and Siri, and together 
with other technologies enables driverless cars and robots.  There is little doubt that 
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artificial intelligence will play a big part in textile processing generally in future, and 
not least in textile plasma processing. 
 
The path leading to progress towards artificial intelligence at a human level is likely 
to be through machine learning in which, without being explicitly programmed, 
systems learn from data presented to them and then make a set of predictions.  
Machine learning is already commonly applied to internet searches, for example, and 
is enabled by learning algorithms called neural networks – or, more strictly artificial 
neural networks – that crudely mimic the capabilities of the human brain. 
 
The application of neural networks is hardly new in the world of textiles.  Indeed the 
original concept of neural networks themselves goes back over seventy years [173].  
A neural network is modelled on the network of neurons that exist in the brain and 
involves a very large number of processors arranged in tiers and operating in 
parallel.  The first tier receives the information supplied to the network.  Each 
successive tier receives the output from the tier preceding it.  The last tier produces 
the output from the network. 
 
Each tier of processors contains an arrangement of interconnected nodes, which 
possess their own (relatively) small range of knowledge.  This knowledge includes 
the information given to a node and any rules with which it has already been 
programmed or which it itself has developed.  The tiers are also highly 
interconnected with one another.  Importantly too, neural networks are adaptive in 
that, as they learn from initial ‘training’, they modify themselves, so that subsequent 
runs through the network should provide more reliable information.  Each node 
assesses the importance of the input from each of its predecessors, so-called 
weighting.  Inputs that contribute to obtaining the correct answers are weighted more 
highly.  The predictive quality of the network is dependent on the amount of training 
data. 
 
Detailed reviews of neural networks and their applications to textile technology have 
been written by Chattopadhyay & Guha [174]. The topic is also covered by Veit in a 
book he has edited [175].  Veit has also written in the same book accounts of the 
applications of genetic algorithms and fuzzy logic to textile technology.  Examples of 
the application of neural networks to textile plasma treatments include the application 
of a repellent coating to surgical garments [176] and the modelling of plasma surface 
modification of textile fabrics using neural networks [177]. 
 
11.  Concluding remarks 
The three quite disparate examples in Section 9 well illustrate how different 
methodologies can be combined to provide a more structured understanding of a 
particular textile plasma treatment and how together they can facilitate the 
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identification and formulation of the principal processing parameters required for that 
treatment in the equipment available.  The examples cover: 
 

The conversion of a hydrophobic textile surface (PP) to a hydrophilic 
one; 

 
The conversion of a hydrophilic textile surface (silk) to a hydrophobic 
one; 

 
The special case of rendering wool fibres resistant to felting. 

 
Together the examples highlight overall practical strategies for which a range of 
disciplines is utilised: chemistry, physics, statistics, computing, chemical and process 
engineering.  The combination of such disciplines, often in conjunction with art and 
design, is by no means novel to textile practice. 
 
The methodologies highlighted in this review include: 
 

Experimental determination of the topographical and surface chemical 
changes to a textile that have occurred as a result of a particular 
plasma treatment (Sections 2, 3 and 4); 
 
Experimental observations of the process itself during a plasma 
treatment (Section 5); 
 
The application of statistical experimental design and analysis (Section 
6); 
 
The application of computer simulation and modelling (Section 7). 

 
Section 8 highlights the importance of using these methodologies in process control 
strategies.  Whilst we certainly do not claim to set out a recipe of combined 
strategies for any particular plasma textile treatment, this review should nonetheless 
serve to demonstrate that the application of plasma technology need not be daunting 
despite the appreciable set-up costs that may be involved.  Plasma technology can 
provide clean, dry, efficient processing that is environmentally friendly, reduces or 
even eliminates the need for aqueous and organic solvents and does not harbour 
toxicological risks.  It is, as Shishoo [1] has remarked, a versatile and flexible 
approach for conferring desired functionalities on textiles.  It can also, especially 
through grafting onto plasma treated surfaces, impart functionalities much less 
readily obtainable by more traditional means. 
 
The examples in Section 9, although disparate, do indicate some common aspects 
that stand out.  For example, there are likely to be just a very few plasma species 
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that are the predominant reactants with a textile surface, despite the complexities of 
the processes occurring within a plasma chamber.  In the case of SF6 plasma 
treatments of silk, there appears to be just one important species, the fluorine atom, 
F∙.  Sections 9.2 and 9.3 have shown that the location of the textile in relation to the 
plasma source is important.  Indeed the location can be adjusted to fine-tune the 
extent of a plasma treatment. 
 
Another obvious feature is that a plasma treatment roughens the fibre surface.  
Indeed surface topography plays a considerable role in influencing the effect of a 
plasma treatment, and quantitative measurements of roughness (usually from AFM) 
are especially important.  However, it is clear that there are many different forms of 
surface topography, even in the same sample, and it would be useful if these 
different types could be differentiated or even categorised.  Categorisation would 
certainly be challenging, but nevertheless we suggest that it could materially assist 
plasma process formulation. 
 
A major concern that is often expressed about plasma treatments is their durability, 
both during subsequent processing and during the lifetime of the end product.  For 
example, how many wash cycles will the treated textile be able to withstand?  This 
concern arises principally from the thinness of the plasma-treated surface, compared 
with surface coatings conferred by traditional means.  However, different types of 
product have different requirements for durability, and durability to laundering is 
arguably one of the most challenging, though also one of the most important in 
application terms.  Indeed, as noted in the Introduction, durability was a key outcome 
of the EU project ACTECO [30].  This review has shown that instability arises largely 
from reorientation of polymer chains at fibre surfaces.  In addition, volatile 
components of low molar mass formed during a treatment may migrate to the 
surface and then be released from it.  Ageing at fibre surfaces is particularly acute in 
polymers with low glass transition temperatures, such as PP and HDPE, as these 
polymers possess innately high chain mobilities. 
 
Several approaches are available for improving surface durability.  In Section 9.1, it 
was noted that prior cross-linking of PP polymer chains considerably stabilises PP 
fibre surfaces using the CASING process, and it was also noted by Kale & Palaskar 
[99] that a highly cross-linked plasma polymer of HMDSO would increase its stability 
on cotton fibre surfaces.  Crosslinking severely hinders the ability of polymer chains 
to reorient themselves or be sloughed off the surface, provided the chains are 
sufficiently strongly linked to the bulk of the fibre.  The presence of traces of oxygen 
in a plasma, however, tends to hinder the cross-linking process [128].  Section 9.2 
has indicated that reorientation of surface polymer chains is hindered if they are 
present in largely crystalline domains.  Thus, increased surface crystallinity can also 
promote durability.  A third approach is to graft a polymer onto the freshly treated 
surface, thereby restricting any reorientation.  As already noted in the Introduction, 
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grafting possesses the additional advantage of opening up the scope for further 
applications not available by traditional treatments.   
 
Plasma technology is already assuming key roles in textile technology.  A 
formulation of conditions for a plasma treatment of a textile to impart to it desired 
applicational features need not be ‘hit-and-miss’ but can be founded on a wide range 
of information that can be acquired from a whole gamut of approaches working 
together. 
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Table 1. Effects of some gas plasmas on textile surfaces. 

Gas plasma    Effect_______________________________________ 

Argon     Increased surface roughness 

Sulfur hexafluoride   Fluorine-containing groups on surface 
     Increased hydrophobicity 

Fluorocarbons    Fluoropolymer films on surface 
     Increased hydrophobicity 
 
Oxygen    Oxygen-containing groups on surface 
     Increased hydrophilicity 
 
Nitrogen    Nitrogen-containing groups on surface     
     Increased hydrophilicity 
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Table 2. Examples of reactions of plasma species in the plasma chamber. 

Ionisation     e + A → 2e + A+ 
Dissociation     e + AB → e + A + B 
Dissociation     AB + M → A + B + M 
Electronic excitation    e + A → e + A* 
Energy transfer    A* + B → A + B* 
Relaxation     A* + B → A + B 
Neutralisation    A- + B+ → A + B 
Charge transfer    A+ + B → A + B+ 
Dissociative charge transfer  A+ + BC → A + B + C+ 
 e represents an electron and * an electronically excited state.  
 
 
 
Table 3.    Examples of reactions of plasma species with a surface. 

Adsorption     A + (s) → A(s) 
Desorption     A(s) → A + (s) 
Reaction at surface    A + B(s) → AB(s) 
Reaction on surface    A(s) + B(s) → AB(s) + (s) 
Sputtering     A+ + e + B(b) → A + B 
Electron emission    A+ + (s) → A(s) + e 

e represents an electron, (s) an open surface site, A(s) a species A bound to 
the surface, B(s) a species B bound to the surface and B(b) a species B in the 
bulk phase. 

 
 
 
Table 4.      Contact angles of water on PP before, θi, and after, θf, oxygen plasma 
treatment. 

Reference      θi    θf            Nature of PP substrate 

Akishev et al [133]  105o   36o  Film 

Carrino et al [137]    86o   69o  Unclear 

Denes et al  [127]  116o   14o  Unclear 

Morent et al [136]    95o   60o  Film 

Pandiyaraj et al [134]   98o   46o  Film 

Wei et al [23]     99o   46o  Fibre  
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Figure 1.  AFM scans of PET thin films before and after oxygen plasma treatments.  
Treatment times are also shown. 

This figure was published in ‘Materials Chemistry and Physics’, 143, T. Mehmood et 
al., 668-675, Copyright Elsevier 2014. 
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